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About this document

The mission of the National Oceanic and Atmospheric Administration (NOAA) is to
understand and predict changes in the Earth’s environment and to conserve and manage
coastal and oceanic marine resources and habitats to help meet our Nation’s economic,
social, and environmental needs. As a branch of NOAA, the National Marine Fisheries
Service (NMFS) conducts or sponsors research and monitoring programs to improve the
scientific basis for conservation and management decisions. NMFS strives to make
information about the purpose, methods, and results of its scientific studies widely available.

NMEFS’ Pacific Islands Fisheries Science Center (PIFSC) uses the NOAA Technical
Memorandum NMPFS series to achieve timely dissemination of scientific and technical
information that is of high quality but inappropriate for publication in the formal peer-
reviewed literature. The contents are of broad scope, including technical workshop
proceedings, large data compilations, status reports and reviews, lengthy scientific or
statistical monographs, and more. NOAA Technical Memoranda published by the PIFSC,
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PREFACE

This report has been sponsored by the Pacific Islands Fisheries Science Center in collaboration
with Dalhousie University and provides results of research efforts to ascertain the feeding habits
of the Hawaiian monk seal throughout its current range. This research focuses on the use of fatty
acid signature analysis to determine the occurrence and composition of a wide variety of prey
species consumed by monk seals. Subsequent publication of these data and additional analysis
will address the most salient aspects of this work as it relates to the foraging ecology of the
Hawaiian monk seal.

This report was funded by contract AB133F-03-SE-1195. Because the report was prepared by
an independent investigator, its statements, findings, conclusions, and recommendations do not
necessarily reflect the official views of the National Marine Fisheries Service, NOAA, U.S.
Department of Commerce.

Frank Parrish
Protected Species Division
Frank.Parrish@noaa.gov
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EXECUTIVE SUMMARY

The Hawaiian monk seal (Monachus schauinslandi) was listed as endangered under the US
Endangered Species Act (ESA) in 1976. The species is now estimated to number around 1200 to
1300 seals and declining. Seals live principally at six colonies in the Northwestern Hawaiian
Islands (NWHI), but with small and increasing numbers in the main Hawaiian Islands (MHI). In
addition to small population size, several natural and anthropogenic factors substantially affect
the vitality and likely the persistence of the species, including entanglement in marine debris,
predation by sharks, infectious disease, and breeding habitat erosion and disappearance as sea
level rises. Moreover, limited availability of food (and perhaps inter- and intra-specific
competition for food resources) appears to be an important constraint on growth, survival,
recruitment of juveniles, and, consequently, abundance of seals in the NWHI.

Information about the diversity and predominance of prey of marine mammals has mostly been
obtained from recovery of hard parts of prey from feces and stomach contents. The methods are
known to have numerous potential biases, owing to differential rates of digestion and passage of
various structures of different fishes and invertebrates, and diet estimates derived represent only
the last meal(s) near haulout sites. Analyses of dietary fatty acids (FAs) have helped resolve
some of these biases for several marine mammals and seabird species. A project was begun in
1998 to determine whether quantitative FA signature analysis (QFASA) could be used to better
characterize the diet of monk seals and perhaps resolve the biases in use of hard parts of prey.
This report represents the culmination of that work to elucidate foraging habits of monk seals in
the NWHI and MHI.

The development of the QFASA method for monk seals was comprised of multiple steps,
including using FA signatures of monk seals alone to qualitatively characterize aspects of their
foraging, analysis of the prey FA database and issue relating to estimating diets. The use of
QFASA simulations were explored to further understand the reliability and degree to which prey
species can be distinguished based on their FA signatures. Investigations then explored the best
way to approach the use of QFASA in modeling diets of free-ranging monk seals and, finally,
diets were estimated for all free-ranging monk seals that have been sampled.

A total of 248 monk seal blubber samples from throughout the NWHI and MHI were analyzed.
Although sampling did not permit a thorough analysis of each demographic group and atoll,
preliminary analyses revealed some differences in FA profiles among subsets of demographic
groups and general regions. Large variability was apparent among individual monk seals and we
detected differences in diets between juveniles and adults, with differences between sexes being
less pronounced. Differences in diets among major regions are consistent with known differences
in prey-species assemblages between MHI and NWHI. Quantitative modeling of monk seal diets
using QFASA was the next step in shedding light on these qualitative variations and differences
found among monk seal diets.

Given the extraordinarily large number of prey species in this ecosystem, which presents both
ecological and mathematical problems, we concluded upon a method of grouping prey species

using a combination of previous methods, but with emphasis on grouping taxa in the context of
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ecological relationships. The general ecological and diet guild of each species was categorized as
one of five types: 1) benthic herbivores (browser, grazers), 2) planktivores (algal planktivores,
zooplanktivores, gelatinous plankton), 3) benthic invertebrate feeders (corallivore, sessile
invertebrates such as sponge, mobile invertebrates), 4) piscivores, or 5) detritivores/omnivores,
based on data available from the literature. Crustaceans and cephalopds were also given special
consideration. These groupings were then evaluated using a complex series of simulated diet
estimations. These simulations aimed to basically push the limits of QFASA, by testing complex
diet mixtures specified in a pseudo predator using a large number of prey species groups (40).
This was used as a further tool to evaluate the ability to estimate diet from FA signatures and to
characterize among-species overlap in signatures, allowing identification of prey species that
have the potential to be misclassified as one another and, therefore, allowing a deeper
understanding of model diet estimates. Simulations demonstrated that the QFASA model was
able to reasonably estimate diet, but it was necessary to be aware of several important issues: 1)
that of overlap in some problematic species, as well as 2) noise in terms of “false positives”
(groups appearing in estimated diets but not specified in the pseudo diet).

Across all locations sampled in the NWHI and MHI, monk seal diets were estimated to be
comprised of a mixture of species, the most abundant of which were boarfish, duckbill, box crab,
flower snapper, shrimp, squid, squirrelfish snapper, and tang/surgeonfish. Overall, estimated
diets of monk seals during the period of this study (1998-2002) were dominated in large part by
deep-slope species, consistent with recent results from seal dive and location analyses, as well as
from animal-borne video. However, there was substantial variation in diet among individuals,
demographic groups (especially between juveniles and adults/subadults) and locations, as
evidenced by the complementary results of both discriminant analyses and QFASA diet
estimates. In repeat-sampled individuals, estimated diets tended to be similar within individuals;
the largest differences that were found within an individual were particularly evident when a seal
was sampled as a juvenile and then later as a subadult.

In terms of diet estimates, there remain some issues that require caution in interpretation. Firstly,
it should be acknowledged that diet estimates may represent some overlap among certain prey
groups. Additionally, the absence of some prey species in diets may also be puzzling: although
lobsters, eels and wrasses were well-simulated and well-differentiated, other than for some
morays they did not appear in estimated seal diets. It is possible that earlier diet estimates based
on scats and spews, which identified these as diet items, were entirely biased to nearshore
feeding and resistant hard parts (or that spews of eels represent “non-intake” of those prey),
rather than the main prey that dominate the diet from primarily deepwater feeding. It is also
possible that these prey could be, in part, mistaken for other prey that were identified. A third
alternative is that monk seals switched primary prey intake from that documented during earlier
studies.

Thus, some questions remain in interpreting the findings of these analyses. We completed all
analyses possible with the resources available, but there remain questions that could be addressed
in the future. We are confident that we have sampled most of the important species to monk
seals, but this has not been an easy task — for some species, collection of even a few individuals
has required incredible effort. Nevertheless, some species were not able to be obtained at all. For
instance, one of the most abundant subphotic species is a small snapper that could not be
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obtained. Thus, whether its signature overlaps with that of other deepwater snappers is as yet
unknown. An investigation of how FA signatures of prey vary among habitats, across food webs
and trophic levels, and within multispecies foraging aggregations would provide important
insight into how we model seals and whether we should use prey within only certain regions.
Further work on QFASA simulations could provide insight into the mathematical issues that
arise when too many species are specified in the pseudo diet and how this relates to the actual
modeling of the predator. Diet estimates could be further elucidated through additional series of
analyses, such as sequential leave-one out modeling, or further analyses of prey groups and
grouping procedures. These are currently beyond the scope of the current work, but could be
considered.

Addendum to Report:

Following completion of this final report, further work has been conducted to refine analyses and
prepare subsections for publication in the primary literature. In our initial work presented here,
an in-depth evaluation of the prey FA database (Sections III and V), targeting species of interest
in terms of monk seal diet, was conducted in parallel with monk seal diet estimations. These
studies were aimed at using FAs to further our understanding of the ecology of key forage fish
and invertebrates through the detection of specific FA patterns and their variation in the prey
species assemblage as a preface to modeling monk seal diets. Because of the constraints
associated with QFASA in diet modeling, it was originally necessary to reduce the number of
species groups to be incorporated in diet estimations by creating the lowest possible number (n =
40) commensurate with the number of FAs used in modeling. However, these restrictions were
not necessary when investigating prey alone — that is, to best explore the ecological patterns of
fish and invertebrates in the NWHI. Thus, a larger number of species groups was created (n =
47), which allowed some further breakdown of groups by taxonomy and diet. This substantially
increased the resolution of analyses, and allowed for new FA patterns to emerge. A summary
contrasting the findings of the work in this report (Section III) versus the more in depth prey FA
investigations by Piché et al (in review) is presented in Appendix 3. Discriminant function
analysis (DFA) performed on the 47 groups revealed that groups with similar FA signatures
associated into five major functional groups: herbivores, planktivores, carnivores (including
piscivores, benthic carnivores, and omnivores/detritivores), crustaceans, and cephalopods.
Perhaps more interestingly, DFAs performed on all groups, as well as within each functional
groups revealed segregation of species groups along a depth gradient: deepwater species
(subphotic and slope) were more closely associated, and clearly separated from species thriving
on shallow reefs. To further assess the new species groupings in the QFASA model, prey
simulation trials were then conducted using the 47 groups following the same processes
described and applied in this report (Section IV). The simulation results were found to be almost
identical (Piché et al., in press). Further work will be aimed at pursuing prey FA investigations at
the species level, to explore yet more in-depth patterns among individual species.
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I. INTRODUCTION, BACKGROUND AND STRATEGIC APPROACH

Understanding the foraging ecology of Hawaiian monk seals (Monachus schauinslandi) and the
prey species upon which they depend has been a central issue in assessing management and
recovery plans. Given the well-known biases and limitations of methods to assess pinniped diets
from collections of spews or from recovering hard parts from feces, our aim has been to
determine whether aspects of monk seal foraging could be inferred qualitatively using fatty acid
(FA) signatures of blubber stores and whether monk seal diets could be estimated using
quantitative FA signature analysis (QFASA; Iverson et al., 2004).

FAs are the main constituent of most lipids and unlike other nutrients, such as proteins that are
readily broken down during digestion, FAs are released from ingested lipid molecules (e.g.,
triacylglycerols) during digestion, but are not degraded. The FAs of carbon chain-length 14 or
greater pass into the circulation intact and are generally taken up by tissues the same way. Since
a relatively limited number of FAs can be biosynthesized by animals (Cook, 1991), it is possible
to distinguish dietary versus non-dietary components for certain FAs. Once taken up by tissues,
FAs are either used for energy or re-esterified, primarily to triacylglycerols, and stored in adipose
tissue. Although the metabolism of FAs appears to vary somewhat depending on predator
species and likely on other factors such as diet/physiological state, such that the composition of
predator tissue will not exactly match that of their prey, many FAs are deposited in adipose
tissue with little modification and in a predictable way. FAs in marine organisms are extremely
diverse, and numerous studies have demonstrated that specific FA patterns are passed from prey
to predator both near the bottom and top of food webs, allowing qualitative inferences into
trophic relationships (reviewed in Dalsgarrd et al., 2003; Iverson et al., 2004; Budge et al., 2006;
Iverson, 2009).

More recently, a statistical model (QFASA) has been developed which allows the quantitative
estimation of predator diets from the FA signatures of their lipid stores and a comprehensive
prey database. The performance of QFASA has been validated in several northern pinniped
species, mink (Mustela vison), polar bears (Ursus maritimus) and seabirds in the Bering Sea
(e.g., Iverson et al., 2004, 2006, 2007; Nordstrom et al., 2008; Wang et al., 2010). There are a
number of requirements in using QFASA, including appropriate sampling and analysis of
predator tissue, an accounting for predator metabolism effects on FA deposition, and a
comprehensive prey database and evaluation of the extent to which prey species can be
characterized and distinguished by their FA signatures. The latter two requirements require
careful consideration in the context of the current work on monk seals and their prey, and are
discussed below.

This report represents the culmination of work that was begun in 1998 to examine the use of FA
signatures and QFASA to elucidate foraging habits of monk seals in the Northwestern and main
Hawaiian Islands (NWHI and MHI, respectively). In order to clearly present the issues that have
needed to be addressed in this work and to set the final analyses into context, we first review and
summarize the interpretation and results of using FA signatures of monk seals alone to
qualitatively characterize aspects of their foraging. We then present the detailed and sequential
analyses of the prey database and the use of QFASA simulations explored to understand the
reliability and degree to which we can distinguish prey species based on their FA signatures.



Based on these analyses, we make conclusions about the best way to approach the use of
QFASA in modeling diets of free-ranging monk seals. And finally, we present the current
estimations of diets for all free-ranging monk seals that have been sampled.

Understanding and Accounting for Lipid Metabolism in Monk Seals

To understand and account for lipid metabolism and FA deposition in the predator, Iverson et al.
(2004) proposed the use of “calibration coefficients” (CCs), which are simple weighting factors
calculated from long-term diet studies. If an individual predator has been on a long-term diet of a
constant FA composition, its major adipose tissue FA stores would maximally resemble this diet
composition, and differences would be due to metabolic processing of individual FA. Based on a
study of 10 captive monk seals held at SeaWorld, San Antonio, Texas (Appendix A), we were
able to 1) verify that monk seal blubber FA signatures are predictably influenced by their prey
(Fig. 1) and, therefore, that FAs can indeed be used to qualitatively understand aspects of
foraging in this tropical species, and 2) estimate calibration coefficients for monk seals that were
similar to those of other phocids (Fig. 2).
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Figure 1.-- Selected dietary FAs (mean + SE) in the (top panel) prey (herring) of captive monk seals in
comparison to prey in the Northwestern Hawaiian Islands (NWHI) and (bottom panel) in captive monk
seals (n = 10) fed Atlantic herring in comparison to that of the blubber of free-ranging monk seals (n =
157) in the NWHI. Values for captive prey are the average of all herring analyzed (n =25, from 5
different lots fed) and for wild prey are simply the average of all prey species previously analyzed in the
NWHI data base (n = 1540 individuals; S. J. Iverson and G. Antonelis, pers. comm.) for comparison
purposes. The differences in the general FA signatures of the two types of prey (captive-fed Atlantic
herring vs. prey in the NWHI) were clearly reflected in the blubber signatures of monk seals. The high
levels of 14:0, 20:1n-11, 20:1n-9, 22:1n-11 and 22:1n-9 of Atlantic herring were reflected in the captive
seals, while much lower levels of these components in wild prey were reflected in the wild seals. Wild
prey in the NWHI in general contained much higher levels of 20:4n-6 and 22:4n-6, which were also found
in higher levels in the wild seals in the NWHI. Clearly, monk seal blubber FA signatures are predictably
influenced by those of their diet (Appendix A).
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Figure 2.--Calibration coefficients (mean + SE) calculated from controlled feeding experiments on monk

seals in comparison to three other species of phocid seal [reproduced from Iverson (2009)]. CCs were

estimated within each individual (note: in all cases the SE is too small to see) for all 71 FAs quantified
according to Iverson et al. (2004). The 1:1 line denotes the deviation of a given FA in a predator from that
consumed in its diet. *indicates examples of FAs with large deviations from 1:1 but which usually occur
at minor or trace amounts (< 0.5%) in seals and their prey, which have contribution from biosynthesis in

predators, and are routinely not used in QFASA modeling. Monk seals appear to be similar to other
phocid seals in how they deposit and metabolize dietary FAs. Using these calibration coefficients, the
diets of captive monk seals were generally well-estimated (see Appendix A).

Strategic Approach Undertaken

We used a series of approaches in this report to apply the use of FAs to understand the diets of
free-ranging monk seals. We first examined monk seal FA signatures as qualitative indicators of
diet patterns among individuals and demographic groups across the NWHI and MHI. We then
conducted a series of analyses to examine the degree to which prey in the NWHI and MHI could
be characterized by their FA signatures and to examine the performance of the QFASA model in

differentiating these prey. Finally, we quantitatively estimated the diets of free-ranging monk
seals using QFASA.

We used discriminant function analysis (DFA) to first explore multivariate analyses of prey FAs

and we then used two routines of the QFASA modeling procedures (pseudo predator diet

simulations and prey-on-prey simulations, Fig. 3) to further examine prey FA signatures. Given

the complicated series of analyses used to thoroughly examine the prey FA database and FA
subsets (Sections III - V), which was necessary prior to being able to model monk seal diets

(Section VI), we present an overall “road map” to graphically summarize the approach we took

(Fig. 4).
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Figure 3.--Graphic depiction of QFASA simulation studies. A. Pseudo predator diet simulations. For
each species group specified in the pseudo predator diet, the individuals sampled are randomly split into
two sets: a simulation set and a modeling set. From the modeling set, a “pseudo predator” FA signature
(hypothetical mixture of potential prey) is created. The proportion for each species group is specified
(with all proportions positive and sum to 1). In this example the pseudo predator diet composition
specified is 35% moray eel, 15% lobster, 35% wrasse, and 15% pink snapper. The pseudo predator FA
signature is then modeled with the other half of the individuals of those prey and all other prey species in
the library. The procedures of splitting the specified prey, creating the pseudo signature, and modeling
that signature are each repeated 1000 times for each stipulated diet. This allows for overlap among
species groups to be characterized; if there is no overlap, the simulation results will reflect the species
group proportions specified in the pseudo diet. See Iverson et al. (2004) for further details. B. Prey on
prey simulations. These simulations are performed to determine how well each prey species was likely to
be identified as itself and differentiated from all other prey in the library using QFASA. The procedures
for prey on prey are similar to the pseudo diet simulation procedures in A, but differ in that a single
species is modeled essentially as a “predator”. For each focal species group, the individuals are randomly
split into two groups of equal sample size: a simulation group and a modeling group. An average FA
signature of the simulation group is then modeled in QFASA on the FA signatures of the modeling group
and all other prey species in the library. This process of splitting and modeling is repeated 1000 times.
These simulations also allow for the direct identification of which prey species a given species might be
mistaken for in diet estimations.

Using the tools outlined in Figure 3, the “road map” of our approach is presented in Figure 4.
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keep groups separated) ‘

3. Evaluation of FA subsets: which FA set yields best simulation results?

Pseudo Diets FA sets Noise
Trial Dietary (n = 31) 10 %
Trial 3 Extended (n = 39) None
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Best results:

Effect of removing false positives: will removing false positive groups
representing > 1% of the estimated diet improve the simulation results? YES




IV. QFASA Prey Simulations, cont’d.

Modeling 10 species of interest:

Can a pseudo diet composed of 10% of each of 10 species of interest (armorhead,
flounder, flower snapper, moray, octopus, spiny lobster, squid, squirrelfish
snapper, tang/surgeonfish, and triggerfish) be accurately estimated?

|

!
YES N |
v v

Remove false positives Split 10 species of interest into 2 sets of five
and re-run simulation species and run these sets in two separate

_ simulations
NO v

Remove false positive sequentially in each set,
and re-run simulation after each exclusion
YES

4

4. Prey modeled on other prey: can the FA signature of individual prey groups be
accurately differentiated from other prey groups? YES: majority of the groups
estimated individually on all other groups were correctly identified as themselves;
some problematic species identified.

V. Evaluation of FA Subsets and Calibration Coefficients

(CCs) in estimating Monk Seal Diets using QFASA

Fairly consistent estimates of diets across all FA subsets and CC
combinations; therefore all results can be averaged .

¥

VI. Estimates of Monk Sea Diets using QFASA

Quantitative estimates of the species composition of diets of free-
ranging monk seals.

Figure 4.--Graphic depiction of strategic approach used in prey FA analyses for subsequent QFASA
modeling of monk seal diets. The headings III — VI refer to Sections III — VI of this report.



I1. MONK SEAL FATTY ACIDS AS QUALITATIVE INDICATORS
OF DIET

To date, we have analyzed blubber biopsies from a total of 248 monk seals throughout the
NWHI and MHI (Table 1). Although the representation of each age class and sex does not
permit a thorough analysis of each demographic group and atoll, preliminary analyses can be
used to examine the qualitative variation and differences in monk seal diets among some subsets
of demographic groups and general regions.

Table 1. Monk Seals Sampled - 1998-2002 n =248

CAIE; Kure | Midway | P& H | Lisianski | Laysan | FFS Main
AdF 4 8 1 4 6 6 3
AdM 4 4 0 5 15 24 4
Sub F 0 5 0 3 1 15 0
Sub M 1 3 0 1 1 8 4
Juv F 5 2 3 2 11 26 1
Juv M 7 7 4 8 14 25 3

Discriminant function analyses (DFA, SPSS Inc., Chicago, IL) were performed according to
Iverson et al. (2002), using a subset (as dictated by sample size) of FAs which had the largest
overall variance and an overall mean of > 0.4% of total FAs. Percentage values for these FAs
were transformed into log ratios prior to DFA by first renormalizing their values over 100% and
then dividing the value for each of the FAs by the value for a reference FA to improve normality.
The reference FA used was 18:0 because it is consistently found in all samples of seals and their
prey and exhibits variability, meeting the requirements for transformation (Aitchison, 1986). The
resulting ratios were then log transformed and used in the analyses. Since the log of zero cannot
be taken, zero values for any of the FAs were changed to 0.005% prior to the calculation of the
log ratio. This value of 0.005% was selected as a value that is below what we considered to be
the minimum detectable level (0.01%) but which would not be so small as to result in extreme
outliers following transformation. The percent of cases correctly classified were used to evaluate
the performance of the classification function and the classifications were cross-validated using a
jackknife procedure (leave-one-out cross-validation, SPSS Inc., Chicago, Il.). The predicted
group membership of individuals based on the classification function was examined to determine
into which group individuals were misclassified.
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Figure 5.--Plot of the discriminant scores for the first and second discriminant functions for each
individual, as well as the group centroids, from discriminant analysis performed on age groups of monk
seals across all Hawaiian Islands. The first two functions correctly classified 76.0% of the original
grouped cases (P < 0.001).

Although some overlap was apparent, DFA revealed spatial separation of major age classes in
blubber FA profiles when seals were combined across all atolls and islands, (Fig. 5). This
analysis separated age groups with 76.0% of original grouped cases, and 72.5% of cross-
validated grouped cases, correctly classified (Wilk’s 1 < 0.001). When the subadult group was
removed, adults and juveniles were separated with 90.0% success. These results indicate that
especially adults and juveniles, but to some extent subadults, consumed different diets.
Nevertheless, there was a large degree of individual variability and certainly overlap among
groups, with the greatest differences displayed between juveniles and adults.

When age groups were divided into sexes, again across all Hawaiian Islands, there was further
indication of differences among demographic groups, but with both high individual variability
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and overlap (Fig. 6). This analysis separated age groups and sex with only 53.6% of original
grouped cases, and 42.1% of cross-validated grouped cases, correctly classified (Wilk’s 1 <
0.001).
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Figure 6.--Plot of the discriminant scores for the first and second discriminant functions for each
individual, as well as the group centroids, from discriminant analysis performed on age groups and sex of
monk seals across all Hawaiian Islands. The first two functions correctly classified 53.6% of the original
grouped cases (P < 0.001).

There was little indication that juvenile and subadult males and females fed very differently, but
evidence suggested only slightly greater separation in feeding habits between adult males and
females.

Finally, we were limited in our ability to test differences in demographic groups across atolls and
islands, given small and varying sample sizes and group representation across all areas (Table 1).
However, as we had no a priori reason to expect that closely neighboring atolls and islands
should differ considerably in their habitats and prey assemblages, we grouped seals into four
general regions of the Hawaiian Islands and eliminated separation by demographic groups (Fig.
7). The four regions consisted of the western NWHI (W. NWHI), mid NWHI, eastern NWHI (E.
NWHI) and the MHI.
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Figure 7.--Grouping of monk seals by regions within the Hawaiian Islands: W. NWHI (n = 58), mid
NWHI (n=71), E. NWHI (n = 104), and MHI (n = 15). See Table 1 for breakdown of sampling at atolls
and islands and among demograhic groups.

DFA separated seals by major regions with 59.0% of original grouped cases, and 46.3% of cross-
validated grouped cases, correctly classified (Wilk’s 1 <0.001, Fig. 8). Results suggest gradual
differences occurred in diets of monk seals across the NWHI and MHI from east to west, which
could be consistent with known differences in the composition of prey-species assemblages
between the NWHI and MHI. Adults and juveniles, within each region, were also consistently
separated, but with substantial variability. The high overlap and variability within the NWHI,
suggests perhaps only slight differences in prey assemblages or feeding areas.
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Figure 8.--Plot of the discriminant scores for the first and second discriminant functions for each
individual, as well as the group centroids, from discriminant analysis performed on major regions (see
Fig. 7) of monk seals in the Hawaiian Islands. The first two functions correctly classified 59.0% of the
original grouped cases (P < 0.001).

In summary, although large variability was apparent among individual monk seals, we detected
differences in diets between juveniles and adults, with differences between sexes being less
pronounced. Differences in diets among major regions are consistent with known differences in
prey-species assemblages between the MHI and NWHI. Quantitative modeling of monk seal
diets using QFASA (Iverson et al., 2004), is the next step in shedding light on these qualitative
variations and differences found among monk seal diets.
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I1l. THE PREY DATABASE FOR THE NWHI"'

A critical issue in the use of QFASA is the appropriate sampling and analysis of potential prey
species and an understanding of the degree to which prey species can be reliably differentiated
by their FA signatures in a given ecosystem. To date, all studies using QFASA have been
conducted on predators in northern temperate to Arctic ecosystems. While sampling every prey
species in the ecosystem is neither practical nor warranted, the onus is on the investigator to
reasonably sample the range of species that is potentially important to the predator. Thus, in
order to reasonably characterize the potential prey of such predators, this has required the
building and analysis of prey databases in northern ecosystems ranging from fairly complex
(e.g., containing up to 20-30 prey species for some seals and seabirds) to very simple (e.g., 4-8
prey species for polar bears). However, the use of QFASA in the NWHI ecosystem occupied by
monk seals is greatly complicated by the sheer number of potential prey species found in this
tropical environment: closer to 200 fish and invertebrate species could be potential prey, many of
which share similar habitat and feeding ecology with one another, which will thus result in
similar FA signatures among some species. Thus, dealing with this extreme species complexity
has been the focus of the most recent work, given that it remains now the central issue in
estimating monk seal diets using QFASA and in interpreting results of the model output. The key
problems with such a huge number of species are that 1) not every potential prey species will be
consumed or important in the diet of monk seals and therefore some sort of filter must be used to
decide which will be included, 2) one could not expect that every single species could be
differentiated from one another based on their FA signatures, and 3) numerical problems arise
because one would be statistically modeling on more species than there are variables (FAs). Thus
finding appropriate and meaningful ways to group species into appropriate and ecologically
meaningful “supertaxa” is of critical importance. In the following sections of this report, we first
evaluate prey FA signatures in relation to the ecology of reef to subphotic fishes and
invertebrates. We then evaluate how well such groups can be reliably differentiated in the
QFASA model. We use these results to model and interpret monk seal diets.

The Prey Data and Grouping Procedures

The NWHI and MHI prey database contains fat content and FA data for a total of 3130
individuals from 186 species (See Appendix A for species collections and Appendix B for
species fat content). Prey were sampled across the full range of the NWHI, as well as the MHI,
and for the time being were not separated by region, as many samples would not permit this and
where sampling did permit, it would create even more “species” in QFASA modeling.
Additionally, since monk seals were also sampled across all these regions, we chose to use prey
from all areas.

'Footnote: Further work has been conducted to refine the analyses in Section III and prepare for
publication in the primary literature. An update of the manuscript representing Section III and these
analyses is presented in Piché et al., 2010.
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The appropriate criteria for creating supertaxa is extremely important, in part due to the fact that
in some cases we wish to understand the contribution of particular prey species to diets and by
grouping them with certain others we may mask their contribution. Prey species FA signatures
will be a function of their general ecology and dietary habits. Thus, grouping merely by closely
related taxa may be meaningless. For instance, if we were to simply group all snapper species by
that taxa (i.e., as “snappers”), we would be grouping both reef feeders with deep subphotic
feeders and benthic carnivores with omnivores, creating a fairly different FA signature than
found in any individual species. Thus, we abandoned this method.

Another means by which to group species would be to simply group those that had the most
similar signatures within each group. This procedure was explored previously (Iverson, 2002).
Briefly, we used hierarchical cluster analysis to investigate the similarity and differences of
various species. The Kulback-Liebler (KL) distance measure was then used to determine how
close two species were with respect to their FA signature. The KL distance is defined as:

KL= (yi-y2) log(yily)

where y represents each of the FAs used in the comparison, and subscripts 1 and 2 represent the
two species being compared. The average linkage-method was used when performing cluster
analysis, which tends to identify spherical clusters. This method produces dendograms, which
indicate how similar species may be to one another and whether there are natural groups of
species (i.e., groups of crustaceans, groups of butterflyfish or goatfish, etc.). Cluster analysis
suffers from being fairly simplistic and based only on a single mean for each prey, but has the
advantage of being able to be used with any sample size, even with an n = 1, allowing all species
sampled to be used. These dendograms were then used to determine prey groupings using
various "similarity" cut-off values using various KL distances. The drawback of this method of
grouping was that while some single-family groups were produced, many of the prey groups
were composed of considerably mixed species such that the resolution of diet composition using
these prey groupings would be unacceptably low for evaluation of ecological significance.

From the results of previous efforts, we concluded upon a method of grouping species using
somewhat of a combination of previous methods, but with emphasis on grouping taxa in the
context of ecological relationships. The following procedure was followed to create the database
utilized in the current series of analyses. Given the numbers of FAs that we chose to use in
QFASA modeling (~ 40, see Iverson et al., 2004), we aimed to reduce the 186 species by
selecting the 100 potentially most relevant species to monk seal diets and classifying these
species into 40 groups based on taxonomical relatedness, diet and ecology.

The general ecological and diet guild of each species was categorized as one of five types: 1)
benthic herbivores (browser, grazers), 2) planktivores (algal planktivores, zooplanktivores,
gelatinous plankton), 3) benthic invertebrate feeders (corallivore, sessile invertebrates such as
sponge, mobile invertebrates), 4) piscivores, or 5) detritivores/omnivores, based on data
available from the literature (Parrish et al., 1986; Norris and Parrish, 1988; Parrish, 1989;
Randall, 1996; Friedlander and Parrish, 1998; Hoover, 1998; FishBase). Species were then
assigned to one of 40 top groups (Table 2), based upon further ecological and diet data, and
grouped from a biological and ecological standpoint and where possible with species from the
same family/genus (F. Parrish and R. Dollar, pers. comm.).
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Table 2.--Species groupings and broad diet guild classification based on the literature for the pre-
determined top 40 species groupings.

Group Name Specles Top 40 Diet guild
Coniropyae podert 1 Benthic Herbivore
Angelcardinalfish n=20

Apogon maculiferus 1 Planktivore
{spolted candinalflah)
n=18

Amorhead mm 2 Planktivare
gt
n=

Beard fish e e 3 Plscivore
n=

Priacanthus alalaua .

{Forskal's bigaye fish) 4 Piscivore
Bigeye n=20

Priacanthus meeki

sll-l_auzngllm bigeye) 4 Placivore

Ophidion

mura o
{black edged cuek esl) S Piscivors
n=20

Cusk/conger eal Conger cinereus 5
{mauatache conger)
n=20
Ariosoma
(big-eye conger) §  Plscivore
n=26
Chastodon frembiif
(bluestipe butierflyfish) 6 Benthlc Camivore
n=22
fﬂ’.ﬁ’.‘:"" m 6 Planktivore
n=27
Chastodon
Kicinctus
(muttiband butisrflyfish) 6 Benthic Camivore
n=19
Butterfly/farcep/pennantfish Chastodon

&"ﬁ’m, 6 Benthic Camivare

Chaetodon 6

{L.., spot huﬂuﬁﬁ:ﬂ Benthle Camivore
n=20

Piscivore

flavissimus

(larcagfish) 6 Benthic Camivore
n=28

Heniochus

gtggmnm) 6 Planktivore

n=38
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Cutthroat/snake eel

Sergeant

Chromis/dascyllus

Dragonet/gurnad

Goatfish (M)

Goatfish (P)

Flounder

Meadia abyssalis

{Abyssal cut-throat eeal)
n=18%

Ophichthus kunaloa
{snake eel)

n=20

Abudefduf
abdominalis
{Hawaiian sergeant)
n=20

Abudefduf sordidus

{blackspot sergeant)
n=21

Abuderduf vaigiensis
{indo-Pacific sargeant)
n=18

Chromis ovealis
{oval chromia)

n=21

Dascyilus albisella
{Hawaian dascyllus)
n=20

Callionymus
decoratus

{longtail dragonet)
n=20

Daclyloptena
orientalis

{haimut gumard)
n=24
Mulloidichthys
flavolineatus
Ly:lgrsu'lpe goatfigh)

Mulloidichthys
vanicolensis
{vellowfin goatfish)
n=20
Parupeneus
bifasciatus
{doublebar goatfizh}
n=18
Parupeneus
chrysonemus
E‘yzl‘f:bmbel goatfish)

Parupeneus
muliifasciatus
{ma%bu' goalfish)
n=

Parupeneus
pleurostigma
{sidespot goatfish)
n=19

Bothus mancus
{flowery flounder)
n=18

Bothus pantherinus

{panther flounder)
n=76

15

10

10

11

11

12

12

12

12

13

13

Piscivore

Piscivore

Planktivore

Planktivore

Planktivore

Planktivore

Planktivore

Benthic Carnivere

Benthic Camivere

Benthic Camivore

Benthic Carnivore

Benthic Carnivore

Benthic Carnivore

Benthic Carnivore

Benthic Carmivore

Benthic Carnivore

Benthic Carnivore



Lizard/snakefish, sandperch

Moray eel

Parrotfish

Toby

Bothus thompsoni
{Thompson's flounder)
n=25

Synodus fobeli
{Lobel's lizardfish)
n=20

Synodus variegatus
{reef lizardfish)

n=1%
Trachinocephalus
myops

{enakefish)

n=20

Parapercis
schauinsiandii
{redspotted sandperch)
n=18
Gymnothorax
albimarginatus
{whitsmargin maray)
n=20

Gymnothorax bemdti
{Barmndt's moray)
n=20
Gymnothorax
eurostus

{stout moray}

n=14
Gymnothorax
flavimarginatus
{yellowmargin moray)
n=1%
Gymnothorax
meleagris
{whitsmouth moray)
n=18
Gymnothorax
steindachnen
{Steindachner's moray)
n=25
Gymnothorax
undulatus
{undulated moray)
n=1%

Chiorurus
perspicilfatus
(apoctnclzz ed parrotfish)
n=

Chlorurus sordidus
{bullethead parroifish)
n=1%

Scarus dubius
{regal pamrctfich}
n=19%
Canthigaster
coronata

{crown tobxy)

n=20

Canthigaster jaclator
{Hawnaiian whitespotied
Toby)

n=24

16

13

14

14

14

14

16

16

18

16

15

186

18

16

16

16

17

17

Benthic Camivore

Piscivore

Plscivore

Plscivore

Benthic Carnlvore

Plscivore

Piscivore

Piscivore

Piscivore

Piscivore

Plecivore

Piscivore

Benthlc Herblvore

Benthlc Herblvore

Benthic Herbivore

Benthic Camivore

Benthlc Carnlvore



Chub

Scorplonfish

Squirrelfish snapper

Bluestripe snapper

Pink snapper

Flower snapper

Soldlerfish

Squirrelfish

Tang/surgeonfish

Canthigaster rivulata
{mazo toby)

n=156

Torquigner

florealis

{floral puffer)

n=20

Kyphosus bigibbus

{gray chub}
n=18

Kyphosus valgiensis

(lowfin chub)
n=19

Sebastapistes
ballieui

{spotfin scorpionfish)
n=19

Etelis carbunculus
{squimralfish erapper)
n=21

Ludfanus kasmira
tblug;hipe snapper)
n=

Pristipomoides
filamentosus

{pink snapper)
n=24

Pristipomoides
Zonatus

(flower enapper)
n=18

Myripristis berndti
(bigscale soldierfish)

Sargocentron
xantherythrum
{Harwalian squirrelfish)
n=21

Acanthurus achilles

(achilles tang)
n=20

Acanthurus
dussumieri

{eyssirips surgeontish)
n=18

Acanthurus
lsucoparsius
Mi;bar surgeonfish)
n=

Acanthurus nigroris

{bluslined surgeanfish)
n=20

Acanthurus
olivaceus

{orangsband surgeonfish)
n=20

Acanthurus
iriostegus

{convict tang)
n=20

17

17

17

18

18

18

20

21

23

25

28

28

28

28

Benthic Camivore

Benthic Carnivore
Benthic Herblvore

Benthic Herbivore

Benthic Carmivore
Benthic Carmivore

(deep)

Omnivore
{shallow, invasive)

Benthlc Carnivcre

(important fishery)

Ompnivore

(deep)

Benthic Camivore

Benthic Carnivere

Benthic Herbivore

Benthic Herbivore

Benthic Herbivore

Benthic Herbivore

Benthic Herbivore

Benthic Herbivore



Unicomfish

Tile/knifefrazorfish

Triggerfish

Wrasse/hogfish/corls

Qctopus

Clenochaetus
strigosus

{goldring surgeonfish)
n=16

Zebrasoma
flavescens

(yollow tang)

n=20

Naso lituratus
(orangespine unicomfish)
ns19

Naso unicomis
(bluespine unicomfish}
n=18
Malacanthus
brevirostris

(Nagtail tilefish)

n=16

Cymolutes lecluse
{Hawallan knifefish)
n=23

inistius pavo
(peacock razorfish)
n=15

Inistius umbrilatus
{blackside razorfish)
n=18

Melichthys niger
{black triggerfish)
n=20

Sufflamen bursa
{lei triggenfish)

n=19

Anampses cuvier
{pear] wrasse)

n =20

Bodianus bllunulatus
(Hawallan hogfish)
n=20

Coris ballieui

(ined coris)

n=18

Cornis favovittata
(yellowstriped coria)
n=20
Oxychellinus
unifasciatus
{ringtail wrassa)
n=19

Thalassoma ballieui
{blackiail wrasse)
n=20

Thalassoma dupery
{saddle wrasse)
n=20

QOciopus cyanea
{Hawalian day octopus)
n=13

Oclopus ornalus

{ornale actopus)
n=4
QOciopus sp.
n=23
18

30

30

30

30

30

3o

30

K} |

£} |

a

Benthic Herbivore

Benthic Herbivore

Benthic Herbivore

Benthic Herbivore

Benthic Carnlvare

Benthic Carnivore

Benthic Carnivore

Benthic Carnivare

Planktivore

Benthic Carnivore

Benthic Carnivare

Benthic Carnivore

Benthic Carnivore

Benthic Carnivore

Benthic Carnivore

Benthic Carnivore

Benthic Carnivore

Benthic Carnivore

Benthic Carnivore

Benthic Carnivore



Sthenotaurhis
oualaniensis
{neon flying squid)
n=15
mﬁﬂsm:;‘ a3 Benthic Carnivore
Shrim n =31
P Heterocarpus
fggﬂﬂﬂm 33 Benthic Carnivore
n=

m,: box a:i) 34 Benthic Carnivere

Box crab n=23

m::a;zb;;pa 34 Benthic Carnivore
n=38
Charybdis

Swimming crab &aﬁﬁnﬂnmmg crab) 35 Benthic Carnivore

Pebble crab o vt 3  Benthic Carnivore

n=21
f,&",’:ﬂiﬁ,ﬁ:fim 37 Benthic Carnivore
n=30

Slipper lobster Scyllarides

{smmdo::: lobatsr) 37 Benthic Carnivore

n=72

Spiny lobster o s IBGINALIS | 35 Benthic Camivare

Squid 32 Piscivora

n=
Antigonia eos

Boarfish {boar fieh)
n=
Antigonia capros
{boar fish) 39
n=10

Duckbill o<y | 40 Benthic Camivore

39 Benthic Carnivore

Benthic Carnivore

Descriptive Statistics of Prey Groupings and Discriminant Analyses

Of the 40 prey groups located in the various ecological subsystems encountered throughout the
NWHI range, most reside in reef (47.4%) or bank (39.8%) areas, with 2.9% and 8.5% occupying
slope and subphotic areas, respectively. Of the four typical habitats encountered, 49.0% of
species groups occupy reef habitat, with 26.1%, 11.4% and 12.8% found in sand, rock and
carbonate habitats, respectively. Of the diet guilds, 56.5% of species groups were classified as
benthic carnivores, 17.6% as piscivores, 14.1% as benthic herbivores, 9.9% as planktivores and
1.9% as detrivores.
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The species groupings with the smallest sample size (the squid Sthenoteuthis oualaniensis, n =
15) dictated that only 14 FAs (with 18:0 which was used for establishing the log ratios) could be
used for the discriminant analyses (n-1 of the smallest sample size). Fourteen FAs were,
therefore, selected for the analysis on the basis of their origin (entirely or mostly dietary as
apposed to biosynthesized), and greatest abundance and variance (14:0, 16:0, 16:1n-7, 18:1n-9,
18:1n-7, 18:2n-6, 20:1n-9, 20:4n-6, 20:5n-3, 22:1n-11, 22:4n-6, 22:5n-6, 22:5n-3, 22:6n-3). This
subsample of FAs was subsequently re-normalized over 100% (each FA was divided by the sum
of all FAs for a given signature). The re-normalized values were then divided by 18:0 (as
reference) to obtain ratios. A value of 0.005 was added to any zero values to allow further
analyses. The log of each ratio was taken, and the resulting “log ratios” were used in the DFA
using SPSS (see Section II for further description of DFA and log ratios).

The initial analysis using all 40 species groups illustrates the spatial distribution of each group
relative to one another (Fig. 9). Herbivores, crustaceans, and benthic carnivores and piscivores
formed broadly clustered groupings. Cluster 1 encompassed the herbivores Acanthurus spp
(surgeonfish), Naso spp. (unicornfish), Chlorurus and Scarus (parrotfish) and Kyphosus (chubs),
but also included the Octopus spp. Cluster 2 encompassed all crustaceans Heterocarpus spp
(shrimps), Calappa spp. (box crabs), Charybdis spp. (swimming crabs), Carpillius spp. (xanthid
crabs), Scyllarides spp. (slipper lobsters) and Panulirus marginatus (spiny lobsters). Cluster 3
encompassed the remaining benthic carnivores and piscivores, excluding Pseudopentaceros
wheeleri (slender armorhead), which clustered by itself. Table 3 identifies the classification
success for each species and underlines the more problematic species with higher proportions of
misclassified individuals. Despite such broad overlap, a number of species were reasonably well
classified at > 75% success. In a number of cases, misclassified individuals were classified as
closely related species (i.e., crustaceans for other crustaceans, eels for other eels).
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Figure 9.--Scatter plot of the discriminant analysis on the top 40 species groups (see Table 2), yielded a
cross-validated classification success of 72%. 1= Herbivore cluster (but includes the carnivorous
Octopuses), 2 = Crustacean cluster, 3 = Benthic carnivores and piscivores cluster; 4 = Pseudopentaceros
wheeleri (slender armorhead) was the only species with 100% classification success that was spatially
isolated from all other species.
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Table 3.--Results of discriminant analysis classification for each species group (see Table 2, Fig. 9).
Includes the top 40 groupings, diet guild, individual count, proportion of individuals correctly classified
(%), and major misclassification for each species. Highlighted in yellow are the groups where the predicted
group membership was less than 50% accurate.

Specles Top Dilet gulld Count Proportion Major misclassiication
40 Cormectly
_ classified
Centropyge potteri Benthic
{Potter's angalfish) 1 Herbivore
6 misclassified as group 10
{spolted cardinalfish) 1 Planktiveres
Pseudopsniaceros
wheeler
{armorhead) 2 | Planktivores 20/20 | 100%
Polyrnixia berndti
(Bamdt's beard figh) 3 Pisclvores 16/20 80%
Priacanthus alalaua L.
{Forakal's bigeya fish) 4 | Piscivores
Priacanthus meeki N 20/40 | 70% 4 misclassified as group 12
{Hawaiian bigeys) 4 | Piscivores
Ophidion
muraen L
{black edged cuek esl) 5 | Piscivores 9 misclassiled as a 14
14 misclassified as group
Conger cinereus . 15 (other eels)
{moustache conger) 5 | Plscivores 24/86 | 36.4% 8 misclassified as group 28
Aricsoma marginatum
{hic-ava conpan 8 | Plscivores
Chaelodon frembiii Benthic
{bluestripe butterityfish) 8 Camivores
8 misclassified as group 5
Chaetodon miliaris . 9 misclassified as group 16
{millsisaed butterlyfish) 8 | Planktiveres 10 misclassified as group
24
Chaelodon 8 misclassifled as group30
multicincius 6 | Benthic 12 misclassified as group
{muliband butterityfiah) Camivores 39
Chaeiodon
ornalissimus 3 Benthic
{omate butterliyfish) Camivores
Chaelodon
quadrimaculatus 8 | Benthic
| {four spot buttertlyfish) Camivores
avissimus 104170 | 61.2%
{forcepfish) -] Benthic
Camivores
Heniochus diphreutes .
{pennantfish) 8 | Planktivores




Meadia abyssalis

(Abyssal cut-throat eel 7 | Piscivores
) 37139 | 94.9%
Ophichthus kunaloa
(snake eel) 7 | Piscivores
Abudefduf
abdominalis
{Hawaiian sergeant) 8 Planktivores
Abudefduf sordidus 29/57 50.8% 12 misclassified as group 9
{blackspot sergeant) 8 | Plankiivores 5 misclassified as group 13
Abudefduf vaigiensis
{indo-Pacific sergoant) 8 | Planktivores
Chromis ovalis .
{oval chromis) 8 | Planktivores 5 misclassified as group 8
. 4 misclassifed as group 10
Dascyllus albisefla 18/41 43.9% 7 misclassified as group 26
{Hawaiian dascylius) 8 | Plankiivores
Callionymus
decoratus 10 | Benthic
{longtad dragonst) Camivores 4 misclassified as group 11
4 misclassifiad as group 28
D. na
oﬁempm,m 10 | Benthic 30/44 | 68.2%
{nelmut gmard) Camivores
Mulloidichthys
favolineatus 11 | Benthic
{yellowstripe goatfich) Camivores
3 misclassified as group 12
Muflloidichthys i i
vanicolonsic. 11 | Benthic 30/41 | 73.2% 2 misclassified as group 14
(yellowfin goatfish) Camivores
Parupeneus
bifasciatus 12 Benthic
{doublebar goatfish) Camivores
8 misclassified as group 11
Parupeneus . 5 misclassified as group 19
chrysonemus 12 | Benthic 5 misclassified as group 24
{yaliowbarbel goatfish) Camivores
Parupeneus
multifasciatus
(manybar goaifish) 12 | Benthic T | 48.1%
Camivores
Parupeneus
pleurostigma
(sidespot goatfish) 12 | Benthic
Camivores
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Bothus mancus

{flowery flounder) 13 (B:‘.:?rt'n'il\izras 8 misclassified as group 5
d 5 misclassified as group 17
Bothus pantherinus 13 (B‘;:'r‘rtp\::res B4/116 | 724% 8 misclassified as group 22
{panther flounder) I
Bothus thompsoni
{Thompson's flounder) 13 | Benthic
Carnivoras
Synodus lobeli
{Lobers lizardiish) 14 | Piscivores
Synodus variegatus . 7 misclassifiad as group 10
{reef lizardfish) 14 | Piscivores 8 misclassified as group 21
Trachinocephalus
myops
oot 14 | Piscivores 8377 | 68.8%
Parapercis
schauinslandii 14 | Benthic
{redepotted sandperch) carnivores
Gymnothorax
albimarginatus
{whitemargin moray) 15 | Piscivoras
Gymnothorax bemndii
{Bemdt's moray) 15 | Piscivoras
5 misclassified as group 5§
fﬂﬁ?‘m 5 misclassified as group 17
{stout moray) 15 | Piscivores
Gymnothorax
flavimarginatus
{yellowmargin moray} 15 Piscivares
Gymnothorax
meleagris
{whitemouth moray) 15 | Plscivores
Gymnothorax
i o 15 | Piscivo
Steindachner’s scivores
¢ o) 1131149 | 75.8%
Gymnothorax
undulatus
{undulated moray) 15 | Piscivores
Chiorurus
persp,lcﬂfaw‘g 18 Benthic
{spectacied parrotfish) Herbivores
= 55/60 91.7% 4 misclassified as group 1
hiorurus sordidus
{bullathead parrotfish) 16 | Benthic
Herbivores
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Scarus dubius

{regal parrotfish) 16 Benthic
Herbivores
Canthigaster coronata | 17 | Benthic
{(crown toby) Carnivores
Canthigaster jactator
wlm whitespolted 17 | Benthic 7 misclassified as group 29
Carnivores
Camtigastor iviiata | 47 | Benthic 62/80 | 77.5%
Carnivores
Torquigner
florealis
(floral puffer) 17 | Benthic
Carnivores
Kyphosus bigibbus
(gghduh) big 18 | Benthic
Herbivoras
pr—" 33/38 | 86.8%
Kyphaosus vaigiensis | 15 | Benthic
Herbivores
Sebastapistes ballieui
{spotfin scorpionfish) 19 | Benthic 1919 | 100%
Carnivores
Elefis carbunculus
; 20 | Benthic
relfish snapper)
(squielfish s Carnivores 1921 | 00.5%
Lufjanus kasmira 21 | Omnivores
bluestr apper)
(Phuestips sn 15122 | 68.2%
Pristipomoides 22 | Benthic
flamenfosus Carnivores 16/24 66.7%
(pink snapper) 6 misclassified as group 23
Pristipomoides
Zonatus
(flower snapper) 23 | Omnivorss 18/19 94.7%
M alis berndti
(m soldierfish) 24 | Benthic
Carnivores 18/20 80%
Sargoceniron
::anﬂrlaﬂmﬂﬂ n 25 | Benthic 14721 88.7% 4 misclassified as group 24
Carnlvores
Acanthurus achilles
{achilles tang) 28 | Benthic
Herbivores
Acanthurus
dussumieri 26 Benthic
(eyestripa surgeoniish) Herbivores
Acanthurus 140/154 | 90.9% 7 misclassified as group 9
feucopareius 5 misclasslified as 1
(whitsbar surgeonfish) 26 | Benthic
Herbivores
Acanthurus nigroris Benthic
(biuslined surgeonfish 26 | Herblvores
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Acanthurus olivaceus

{orangeband surgeonfish) 26 | Benthic
Herbivores
Acanthurus frio ]
{convict tang} stegu 26 | Benthic
Herblvores
Cilenochaetus
strigosus )
{goldring surgeonfish) 26 | Benthic
Herbivores
Zebrasoma
iy 26 | Benthic
Herbivores
Naso lituratus
Herbivores
oty 27 | Benthk 36/38 | 94.7%
Herbivores
Malacanihus
et 28 | Benthic
Carnivores
Cymoiiies leciuse Benthic
(Hawalan knfletsh) C:?r:ivoras 3173 | 42.5% 6 misclassifled as group 11
Inistizs pavo 8 misclassified as group 12
(mp:m-n,h) Benthic 6 misclassifled as group 17
Carnivores 5 misclassified as group 19
;‘gfstfus.umbrﬂat)us 28 | Benthic
Carnivores
Melichthys niger
{black triggerfish) 29 | Planktivores
Sufflamen bursa 35/38 | 89.7%
(lei triggeriish) 29 | Benthic
Carnivores
fﬂmﬁ)"”w" 30 | Benthic
Carnivores
B‘ﬁ:{"‘: nMuﬂ”"Ih ulatus 30 | Benthic 5 misclassified as group 5
(Hawalen ) Carnivores 8 misclassifled as group
Coris ballieui 2810 misclassified as group
{lined coris) 30 | Benthic 11
Carnivores 10 misclassified as group
19
30 | Benthic
Coris flavovittala 88/135
Carnl
{yellowstripad coris) arnivores 65.2%
Oxycheilinus 30 | Benthic
unifasciaius Carnivores
{ringtail wrasse)
(L'halasaoma I;afﬂeuf 30 | Benthic
Carnivores
Thalassoma dupery 30 | Benthic
{saddle wasse) Carnivores
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Oclopus cyanea

{Hawalian day octopus) 31 | Benthic
Carnivores
Octopus omatus 31 | Benthic 2 misclassified as group 32
{omate octopus) Carnivores 34136 94.4%
Oclopus sp. 31 | Benthic
Carnivores
Sthenoteuthis
oualaniensis
(neon flying squid) 32 | Piscivores 15/15 100%
Heterocarpus ensifer
(iwo-spined shrimp) 33 | Benthic
Carnivores
ggﬁg;f”s 70170 | 100%
(red-tipped shrimp) 33 Benthic
Carniveores
Calappa bicornis .
(two-homed bax crab) 34 Benﬂ_uc 19 misclassified as group
Calappa calappa 34 | Benthic 6 misclassified as group 36
{smooth box crab) Carnivores {xanthid crabs)
Charybdis
hawaiiensis 82.8%
(Hawallan swimming crah) 35 | Benthic 24/29
Carnivores
Carpiiius convexus )
(convex pebble crab) 36 | Benthic 16721 | 76.2%
Carnivores
Scyifarides haanii .
{ridgeback slipper labster) 37 | Benthic
Carnivores 73.5% 14 misclassified as group
Scyllarides 750102 36
Uammaosus .
n'l'nnn slipper lobster) 37 | Benthic
Carnivores
" ; 8 misclassified as group 38
;ﬂ‘,:,“’,:,’;‘,f,,,"“" ginalus | a5 | Benthic 4671 | 64.8% 13 misclassified as group
Carnivores 34 (Calappa spp)
Antigonia eocs Benthi
(boar fien) i 2020 | 100%
m;’ capros 39 | Benthic
Carnivores
40 | Benthic 3 misclassified as group 20
e ) Carnivores 1619 | B84.2%
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Separate Analyses of Clusters

A DFA was subsequently conducted on each of the three major clusters, separately, to further evaluate
the degree of within-cluster spatial distribution and the predicted classification success within each
cluster.

Cluster 1: the Herbivore Cluster. Figure 10 illustrates the degree of spatial division among the
different species grouping in cluster 1. Moreover, the classification success was very high, with
99% of the individuals correctly classified. The classification results for cluster 1 are reported in
detail in Table 4.

Cluster 2: the Crustacean Cluster. Figure 11 illustrates the spatial division among the groups of
species within cluster 2. The classification success was high, with 82% of the individuals
correctly classified. The species grouping with the lowest classification success was the box
crabs (Calappa spp) with only 57.6% of the individuals correctly classified; 23% of the box
crabs were misclassified as spiny lobsters. The detailed classification results for cluster 2 are
reported in Table 5.

Cluster 3: The Carnivore/Piscivore Cluster. Figure 12 illustrates the relatively poor spatial
division among the groups of species within cluster 3. This cluster yielded the lowest
classification success (66%), but is also the one encompassing the highest number of
species/species groupings, which renders the analyses much more complex. The classification
results for cluster 3 are reported in detail in Table 6.
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Function 2

Canonical Discriminant Functions

B 16 = Parrotfishes (Chlorurus,
Scarus spp.)
18= Chubs (Kyphosus spp.)
= Tangs & surgeonfishes
4 (Acanthurus, Ctenochaetus
5 Zebrasoma spp.)
= 27 = Unicornfishes (Naso spp.)
o] = Octopuses (Octopus spp.)
(o]
H 3 B = Group Centroid
O m
e
4
-F—
I I I I
-5 0 5 10
Function 1

Figure 10.--Scatter plot of the discriminant analysis on the herbivore cluster yielding a cross-validated
classification success of 99%.
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Table 4.--Discriminant analysis classification results for the herbivore cluster (Fig. 10). Includes
the top 40 groupings corresponding to the groups used in the within-cluster discriminant
analysis, the diet guild, the ecological subsystem, the individual count, and the proportion of
individuals correctly classified (%).

Proportion

correctly
Ecological classified
Species Top40 Diet Guild | Subsystem Count (%)

Chlorurus

perspicillatus
(spectacled parrotfish)

Chlorurus sordidus 16 Benthic
(bullethead parrotfish) Herbivores Reef 60/60 100%

Scarus dubius
(regal parrotfish)

Kyphosus bigibbus
(gray chub) 18 Benthic Reef 38/38 100%

Kyphosus vaigiensis Herbivores
(lowfin chub)

Acanthurus achilles
(achilles tang)

Acanthurus

dussumieri
(eyestripe surgeonfish)

Acanthurus

leucopareius
(whitebar surgeonfish)

Acanthurus nigroris 26
(bluelined surgeonfish)

Benthic Reef 151/153 98.7%

Acanthurus olivaceus Herbivores

(orangeband surgeonfish)

Acanthurus triostegus
(convict tang)

Ctenochaetus

strigosus
(goldring surgeonfish)

Zebrasoma

flavescens
(yellow tang)

Naso lituratus
(orangespine unicornfish) 27 Benthic Reef 37/38 97.4%

Naso unicornis Herbivores
(bluespine unicornfish)

Octopus cyanea
(Hawaiian day octopus) 31 Benthic

Octopus ornatus Carnivores Bank 40/40 100%
(ornate octopus)

Octopus sp.
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Figure. 11.--Scatter plot of the discriminant analysis on the crustacean cluster yielding a cross-validated

classification success of 82%.

Function 2

Canonical Discriminant Functions

2=

4

Function 1
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33 = Heterocarpus spp
(shrimps)
34 = Calappa spp (box
crabs)

= Charybdis
hawaiiensis (Hawaiian
swimming crab)
36 = Carpilius
convexus (convex
pebble crab)

= Scyllarides spp
(slipper lobsters)
38 = Panulirus
marginatus (spiny
lobster)

B = Group Centroid



Table 5.--Discriminant analysis classification results for the crustacean cluster (Fig. 11). Includes
the top 40 groupings used in the within cluster discriminant analysis, the diet guild, the

ecological subsystem, the individual count, the proportion of individuals correctly classified (%),
and the major misclassifications.

Proportion
correctly
Ecological classified

Species Top40 | Diet Guild | Subsystem | Count (%) Major Misclassification
Heterocarpus
ensifer
(two-spined shrimp) 33 Benthic Subphotic 70/70 100%
Heterocarpus Carnivores
laevigatus
(red-tipped shrimp)
Calappa bicornis
(two-horned box crab) 34 Benthic Bank 34/59 57.6% 14 misclassified as 38
Calappa calappa Carnivores (38 = spiny lobster)
(smooth box crab)
Charybdis
hawaiiensis 35 Benthic Bank 27129 93.1%
(Hawaiian swimming Carnivores
crab)
Carpilius
convexus 36 Benthic Bank 16/21 76.2% 4 misclassified as 38
(convex pebble crab) Carnivores
Scyllarides haanii
(ridgeback slipper
lobster) Benthic Bank 89/102 87.3% 4 misclassified as 36
Scyllarides 37 Carnivores 4 misclassified as 38
squammosus
(common slipper
lobster)
Panulirus
marginatus 38 Benthic Reef 51/71 71.8% 12 misclassified as 34
(spiny lobster) Carnivores
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Function 2

Canonical Discriminant Functions

| I I | I
-7 3 -a0 -24 0.0 2.3

Function 1

1 = Angelfishes & Cardinalfishes
3 = Beardfishes
= Bigeyes
5 = Cusk eels & Conger eels
= Butterflyfishes, Forcepfishes &
Pennantfishes
8 = Sergeants
= Damselfishes
= Dragonets, Helmet gurnards
= Goatfishes (Mulloidichthys
spp)
12 = Goatfishes (Parupeneus spp)
= Lefteye flounder
= Lizardfishes & Snakefishes
15 = Moray eels
= Pufferfishes
19 = Scorpionfishes
20 = Squirrelfish snappers
21 = Bluestripe snappers
22 = Pink snappers
= Flower snappers
24 = Bigscale soldierfishes
= Hawaiian squirrelfishes
28 = Tilefishes, Knifefishes, &
Peacock wrasse
39 = Boarfishes
= Duck-billed bembropsid

[l Group Centroid

Figure 12.--Scatter plot of the discriminant analysis on the carnivore/piscivore cluster yielding a cross-

validated classification success of 66%.
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Table 6.--Discriminant analysis classification results for the carnivore/piscivore cluster (Fig. 12).
Includes the top 40 groupings used in the within cluster discriminant analysis, the diet guild, the

ecological subsystem, the individual count, the proportion of individuals correctly classified (%),
and the major misclassifications. Highlighted in yellow are the groups where the predicted group

membership was less than 50% accurate.

Proportion
correctly
Ecological classified Major
Species Top40 Diet Guild | Subsystem Count (%) Misclassification
Centropyge potteri Benthic Bank
(Potter's angelfish) 1 Herbivores 20/38 52.6% 6 misclassified as 28
Apogon Planktivores Bank
maculiferus
(spotted cardinalfish)
Polymixia berndti 3 Piscivores Subphotic 18/20 90%
(Berndt's beard fish)
Priacanthus
alalaua 4 Piscivores Bank 31/40 77.5%
(Forskal's bigeye fish)
Priacanthus meeki
(Hawaiian bigeye)
Ophidion
muraenolepis
(black edged cusk eel) 7 misclassified as 14
Conger cinereus 5 Piscivores Bank 14/66 27.3% 16 misclassified as
(moustache conger) 28
Ariosoma 15 misclassified as
marginatum 15
(big-eye conger)
Chaetodon fremblii Benthic Reef
(bluestripe butterflyfish) Carnivores
Chaetodon miliaris Planktivores Reef
(milletseed butterflyfish)
Chaetodon Benthic
multicinctus Carnivores Reef 9 misclassified as 24
(multiband butterflyfish) 7 misclassified as 25
Chaetodon Benthic
ornatissimus 6 Carnivores Reef 128/170 75.3%
(ornate butterflyfish)
Chaetodon Benthic
guadrimaculatus Carnivores Reef
(four spot butterflyfish)
Forcipiger Benthic
flavissimus Carnivores Reef
(forcepfish)
Heniochus
diphreutes Planktivores Bank
(pennantfish)
Abudefduf
abdominalis Planktivores Reef
(Hawaiian sergeant)
Abudefduf sordidus 8 Planktivores Reef 34/57 59.6% 13 misclassified as 9
(blackspot sergeant)
Abudefduf
vaigiensis Planktivores N/A
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Species

Top40

Diet Guild

Ecological
Subsystem

Count

Proportion
correctly
classified
(%)

Major
Misclassification

(Indo-Pacific sergeant)

Chromis ovalis
(oval chromis)

Dascyllus albisella
(Hawaiian dascyllus)

Planktivores

Reef

5 misclassified as 8

Callionymus
decoratus
(longtail dragonet)

Dactyloptena

orientalis
(helmut gurnard)

10

Benthic
Carnivores

Bank

30/44

68.2%

8 misclassified as 11

Mulloidichthys
flavolineatus

(yellowstripe goatfish)

Mulloidichthys

vanicolensis
(yellowfin goatfish)

11

Benthic
Carnivores

Reef

25/41

61%

7 misclassified as 12

Parupeneus

bifasciatus
(doublebar goatfish)

Parupeneus
chrysonemus

(yellowbarbel goatfish)

Parupeneus

multifasciatus
(manybar goatfish)

Parupeneus

pleurostigma
(sidespot goatfish)

12

Benthic
Carnivores

Reef

39/77

50.6%

10 misclassified as
11
8 misclassified as 19

Bothus mancus
(flowery flounder)

Bothus pantherinus

(panther flounder)

Bothus thompsoni
(Thompson's flounder)

13

Benthic
Carnivores

Bank

93/116

80.2%

10 misclassified as 5

Synodus lobeli
(Lobel's lizardfish)

Synodus

variegatus
(reef lizardfish)

Trachinocephalus

myops
(snakefish)

Parapercis
schauinslandii

(redspotted sandperch)

14

Piscivores

Bank

50/77

64.9%

6 misclassified as 10

Gymnothorax
albimarginatus

(whitemargin moray)

Gymnothorax

berndti
(Berndt's moray)

Gymnothorax
eurostus

15

Piscivores

Reef

102/149

68.5%

8 misclassified as 17
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Proportion
correctly
Ecological classified Major

Species Top40 Diet Guild | Subsystem Count (%) Misclassification

(stout moray) 8 misclassified as 5

Gymnothorax

flavimarginatus
(yellowmargin moray)

Gymnothorax

meleagris
(whitemouth moray)

Gymnothorax
steindachneri
(Steindachner's moray)

Gymnothorax

undulatus
(undulated moray)

Canthigaster

coronata
(crown toby)

Canthigaster

jactator
(Hawaiian whitespotted
toby)

17 Benthic Bank 62/80 77.5%

Canthigaster Carnivores

rivulata
(maze toby)

Torquigner
florealis
(floral puffer)

Sebastapistes )
ballieui 19 Benthic Bank 18/19 94.7%

(spotfin scorpionfish) Carnivores

Etelis carbunculus 20 Benthic Slope 18/21 85.7%
(squirrelfish snapper) Carnivores

Lutjanus kasmira 21 Omnivores Reef 14/22 63.3%
(bluestripe snapper)

Pristipomoides Benthic

filamentosus 22 Carnivores Slope 18/24 75% 5 misclassified as 23
(pink snapper)

Pristipomoides
zonatus 23 Omnivores Slope 15/19 78.9%

(flower snapper)

Myripristis berndti 24 Benthic Reef 16/20 80%
(bigscale soldierfish) Carnivores

Sargocentron Benthic

xantherythrum 25 Carnivores Bank 14/21 66.7%
(Hawaiian squirrelfish)

Malacanthus

brevirostris
(flagtail tilefish)

Cymolutes lecluse 7 misclassified as 17
(Hawaiian knifefish) 28 Benthic Bank 28/73 38.4% 8 misclassified as 12

!Qéigéﬁ( E);z\égish) Carnivores 6 misclassified as 11
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Proportion

correctly
Ecological classified Major
Species Top40 Diet Guild | Subsystem Count (%) Misclassification
Inistius umbrilatus
(blackside razorfish)
Antigonia eos
(boar fish) 39 Benthic Subphotic 18/20 90%
Antigonia capros Carnivores
(boar fish)
Bembrops filifera Benthic
(duck-billed 40 Carnivores | Subphotic 17/19 89.5%
bembropsid)

Summary of Groupings and Discriminant Analyses

While the preliminary results obtained from the discriminant analyses were promising, especially
in confirming that many groups of species were reasonably distinguished from one another, the
analyses also exposed several problematic issues. First, although four main clusters were clearly
identified, the spatial distribution of many species groups remained clumped within these
clusters. Separate analysis of each cluster generally better differentiated groups, but how this

translates to differentiation in diets remains an important consideration. Second, the

classification success was poor in several species groups, and in some instances, individuals for a
group were consistently misclassified as others. Third, species groups represented by a small
sample size could not be used in these analyses. Although other multivariate methods, including
hierarchical cluster analysis, can provide insight into overall relationships among species FA
signatures, we moved to model simulation procedures to better understand the degree to which
prey species groups could be differentiated in diets in the QFASA model.
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IV.QFASA PREY SIMULATIONS

An important feature of the QFASA model initially derived by Iverson et al. (2004) was the
development of prey simulation studies. QFASA proceeds by essentially developing a mixture
model of prey species FA signatures that most closely resembles that of the predator and thereby
estimate its diet. A prerequisite of QFASA is an understanding of whether prey species in the
database can be reliably distinguished by their FA signatures. Using simulation studies (Fig. 3),
in a similar fashion to how QFASA performs actual diet estimation procedures, can be a more
powerful means for assessing the reliability with which prey can be differentiated, as used in
QFASA, than techniques such as DFA. Thus, while previous DFA provided some confidence in
our grouping procedures and an understanding of the degree of prey differentiation achieved
using small subsets of FAs in a different mathematical model, we evaluated these same groups
using a complex series of simulations (see Fig. 4). These simulations aimed to basically push the
limits of QFASA, by testing complex diets among a large number of species groups (40) and
thus to be used as a tool to characterize among-species overlap in FA signature, allowing for
species having the potential to be misclassified for one another to be identified. It has also
previously been found (Iverson et al., 2004) that sequentially removing prey species that arise in
diet estimates and then rerunning the model can be quite informative. The newly estimated diet
can then be used to determine which species are substituted for the missing species and,
therefore, allow a deeper understanding of model diet estimates.

Initial Diet Simulations

Although 65-71 FAs are routinely identified in prey and predators in the NWHI, not all provide
information about diet. In our initial simulations, we used the FA subsets, based on those
specified in Iverson et al. (2004), i.e., “dietary” (31 FAs) and “extended dietary” (39 FAs). The
detailed procedures for performing simulations are given in Iverson et al. (2004). Briefly, the
statistical software R was used to model specified species mixes, initially created using published
information on monk seal potential prey species from scats and spews (Goodman-Lowe et al.,
1999; Goodman-Lowe, 1998). These “pseudo diets” were computed and fitted to the QFASA
model as follows:

1. A mix of 4 or 6 prey species groups, selected from the 40 species groups listed in Table 2,
was specified in various proportions to make up a diet of a “pseudo seal”, totalling 1.

2. For each prey group selected above, the sample of individuals was randomly split into two
sets: a simulation set and a modeling set.

3. The FA signature of this pseudo seal diet was then computed from the simulation set in the
proportions specified in our pseudo seal diet.

4. Next, using the modeling set of specified prey and all other prey groups in the NWHI
database (Table 2), the “diet” of this pseudo seal was estimated using the QFASA model and
using both the dietary and extended dietary FA sets.

5. These procedures (step 1-4) were repeated 1000 times to generate an error measure. A new
split (step 2) was created every time. To strengthen interpretation of outcomes, each trial was
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subsequently modeled integrating 10% noise (i.e., randomly adding prey from prey types
which were not part of the diet composition vector to simulate minor random prey intake).

Results are summarized in the following tables and presented in boxplots that follow. In all
plots, "a" denotes the value (proportion) specified for each of the prey species groups chosen for
the diet. Each simulation was run 1000 times, and estimated diet results are represented in the
box plots as the median (middle horizontal bar), the 25th (lower bar) and the 75th (top bar)
percentiles of the data distribution (i.e., the box contains 50% of the data). Dots represent
outliers defined as being any value greater (or less) than 1.5 times the interquartile range (75th
percentile — 25th percentile) above the 75th (or below the 25th) percentile.

Trial 1

Diet composition: no noise w/noise
Spiny lobster 15% 13.5%
Pink snapper 15% 13.5%
Moray eel 35% 31.5%
Wrasse 35% 31.5%
noise -- 10%

Table 7.--QFASA simulation results for each of four simulation runs using the diet composition
specified above. Each number represents the proportion that each species occupied in the
modeled diets. Species that appeared significantly in the modeled diets but were not originally
specified in the pseudo diet are also listed.

No Noise 10% Noise
Dietary Extended Dietary Extended
Spiny lobster 12% 10% 11.2% 9.5%
Pink snapper 5% 5% 4.6% 4.5%
Moray eel 32.2% 32.4% 29.1% 29.1%
Wrasse 19% 28% 19.9% 27.4%
* Scorpionfish** 2% % 106%  55%
Toby** 5% 3.2% 4% 2.8%
Duckbill** 1.5% 1.7% 2% 1.9%

**species that were not included in the pseudo diet species mix

Summary:

Diet 1) 13.5-15% Spiny lobster (9-12% estimated)
13.5-15% Pink snapper (5% estimated)
31.5-35% Moray eel (29-32% estimated)
31.5-35% Wrasse (19-28% estimated)
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Major prey, including lobster, were reasonably picked out of all other 40 prey in the specified
diet, except for pink snapper. Spiny lobster and moray eel were well-estimated, while there was
some underestimation of wrasses depending on FA set. Pink snapper was especially
underestimated. False positives (10% of which would be expected in the trials with noise)
included primarily scorpionfish, toby and duckbill. Preliminary discriminant analysis revealed
that 7% of the wrasses were consistently misclassified as scorpionfish when only dietary FAs
were considered in the analysis. The current simulation results also revealed the presence of
scorpionfish in the modeled diets. It is possible that the dietary FA composition of both species
presents an overlap, but that overlap is greatly reduced when the extended FA list is used in the
simulations. Boxplots of each run follow.
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Figure 13.--Boxplot of the QFASA simulation results for diet Trial 1, using the dietary FA set, 40 species

groupings, and no noise. 1000 iterations. The diet composition specified is represented in plots as “a”.
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40 species groupings, and no noise. 1000 iterations. The diet composition specified is represented in plots

Figure 14.--Boxplot of the QFASA simulation results for diet Trial 1, using the extended dietary FA set,
as “a,,‘
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Figure 15.--Boxplot of the QFASA simulation results for diet Trial 1, using the dietary FA set, 40 species
groupings, and 10% noise. 1000 iterations. The diet composition specified is represented in plots as “a”.
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Figure 16.--Boxplot of the QFASA simulation results for diet Trial 1, using the extended dietary FA set,
40 species groupings, and 10% noise. 1000 iterations. The diet composition specified is represented in

plots as “a”.
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Table 8.--QFASA simulation results for each of four simulation runs using the diet composition
specified above. Each number represents the proportion that each species occupied in the
modeled diets. Species that appeared significantly in the modeled diets but were not originally
specified in the pseudo diet are also listed.

No Noise 10% Noise
Dietary Extended Dietary Extended
Box crab 12.2% 15.3% 12% 14.2%
Cusk/conger eel 15.5% 15.2% 13.7% 14%
Flounder 13% 14% 11.5% 12.2%
Flower snapper 2.4% 6.7% 3% 7%
Spiny lobster 10.8% 9.8% 10.3% 9.4%
Squid 10.2% 7.9% 9.2% 7%
 Squirrclfish snapper**  5.6% - 47%  43% 3.9%
Duckbill** 3.5% 3.4% 3.4% 3.6%
Lizard/snakefish** 3.1% 1.4% 3.3% 1.1%
Tile/knife/razorfish** 0.7% 2% 1% 2.5%

**species that were not included in the pseudo diet species mix

Summary:

Diet 2) 13.5-15% Box crab (12-15% estimated)
27-30% Cusk/conger eel (14-15% estimated)
13.5-15% Flounder (12-14% estimated)
13.5-15% Flower snapper (3-7% estimated)
13.5-15% Spiny lobster (9-11% estimated)
9-10% Squid (7-10% estimated)

Most of the major species, out of all 40 including crab and lobster, were well-estimated in the
specified diet, except for Cusk/conger eel and flower snapper (note: snapper is problematic
again). False positives included primarily squirrelfish snapper, duckbill and lizard/snakefish. The
cusk/conger eel only came out as half of the proportion specified in the pseudo diet regardless of
the FA set used. Preliminary discriminant analysis indicated that the classification success of
conger/cusk eels on the basis of their dietary FAs composition is poor (only 36% correctly
classified). The discriminant analyses also revealed that conger/cusk eels were consistently
misclassified as lizard/snakefish (14% of cusk/conger eels misclassified), as morays (20%
misclassified) or as tile/knife/razorfish (12% misclassified). This may explain why these three
species appeared in the modeled diets.
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Another problematic species are the snappers. In trial 1 (see Table 7) and in the current trial, the
simulation results do not reflect the proportion of snapper originally specified in the pseudo diet.
However, the classification success of the flower snapper (Pristimoides zonatus) was shown to
be very high in previous DFA (94.7%). It is therefore possible that 1) different snapper species
get misclassified for one another, which would explain the presence of the squirrelfish snapper in
the modeled diet of the current trial; or 2) there is a potential overlap among the signature of
snappers and other species in this ecosystem. The possibility of combining the four snapper
species into one group will be examined in an upcoming trial(s), as will another method of
analysis. Boxplots of each run follow.
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Figure 17.--Boxplot of the QFASA simulation results for diet Trial 2, using the dietary FA set, 40 species
groupings, and no noise. 1000 iterations. The diet composition specified is represented in plots as “a”.
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Figure 19.--Boxplot of the QFASA simulation results for diet Trial 2, using the dietary FA set, 40 species
groupings, and 10% noise. 1000 iterations. The diet composition specified is represented in plots as “a”.
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Figure 20.--Boxplot of the QFASA simulation results for diet Trial 2, using the extended dietary FA set,
40 species groupings, and 10% noise. 1000 iterations. The diet composition specified is represented in

plots as “a”.
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Table 9.--QFASA simulation results for each of four simulation runs using the diet composition
specified above. Each number represents the proportion that each species occupied in the
modeled diets. Species that appeared significantly in the modeled diets but were originally
specified in the pseudo diet are also listed.

No Noise 10% Noise
Dietary FAs Extended FAs  Dietary FAs Extended FAs

Parrotfish 17.6% 18.3% 16.3% 17.2%
Scorpionfish 14.6% 10% 13.6% 8.6%
Spiny lobster 12.6% 10% 11.6% 9.3%
Squirrelfish snapper 2.1% 4.5% 2.2% 5%
Triggerfish 19% 27% 18% 25%
Octopus . T3% 3% 0% 2.6% .
Swimming crab** 5.2% 4.8% 5% 4.4%
Lizard/snakefish** 3.0% 2.1% 3% 2.2%
Moray** 2.4% 2.3% 2.9% 3%
Duckbill** 2.2% 3.7% 2.1% 3.2%
Toby** 1.6% 1.3% 1.7% 1.5%

**species that were not included in the pseudo diet species mix
Summary:

Diet 3) 18-20% Parrotfish (16-18% estimated)
13.5-15% Scorpionfish (9-14% estimated)
13.5-15% Spiny lobster (9-13% estimated)
13.5-15% Squirrelfish snapper (2-5% estimated)
27-30% Triggerfish (18-27% estimated)
4.5-5% Octopus (3-7% estimated)

Most of the major species, out of all 40, are reasonably estimated in the specified diet. Four of
the six species specified in the pseudo diet of Trial 3 (i.e., parrotfish, scorpionfish, spiny lobster,
and triggerfish) were well represented in the modeled diets; the specified proportions of each
species were almost the same in the pseudo and modeled diets. There was some underestimation
of triggerfish depending on FA set used. However, once again snapper, this time squirrelfish
snapper, was quite underestimated. False positives included primarily swimming crab,
lizard/snakefish, moray eel, toby and duckbill. Boxplots of each run follow.
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Figure 21.--Boxplot of the QFASA simulation results for diet Trial 3, using the dietary FA set, 40 species
groupings, and no noise. 1000 iterations. The diet composition specified is represented in plots as “a”.
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Figure 22.--Boxplot of the QFASA simulation results for diet Trial 3, using the extended dietary FA set,

40 species groupings, and no noise. 1000 iterations. The diet composition specified is represented in plots

as CGa,,
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Figure 23.--Boxplot of the QFASA simulation results for diet Trial 3, using the dietary FA set, 40 species

groupings, and 10% noise. 1000 iterations. The diet composition specified is represented in plots as “a”.
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Figure 24.--Boxplot of the QFASA simulation results for diet Trial 3, using the extended dietary FA set,
40 species groupings, and 10% noise. 1000 iterations. The diet composition specified is represented in
49

plots as “a”.



Trial 4

Diet Composition: no noise w/noise
Angel/cardinalfish 15% 13.5%
Goatfish M 35% 31.5%
Bluestripe snapper 35% 31.5%
Pebble crab 15% 13.5%
noise -- 10%

Table 10.--QFASA simulation results for each of four simulation runs using the diet composition
specified above. Each number represents the proportion that each species occupied in the
modeled diets. Species that appeared significantly in the modeled diets but were not originally
specified in the pseudo diet are also listed.

No Noise 10% Noise
Dietary Extended Dietary Extended
Angel/cardinalfish 10% 12.4% 10% 13%
Goatfish M. 20% 25% 18.5% 23%
Bluestripe snapper 3% 8.5% 3% 7.4%
Pebble crab 9.6% 8.1% 9.3% 7.9%
Tile/knife/razorfish**  9.4%  27% 89% 28%
Goatfish P.** 7.2% 4.4% 7.2% 4.4%
Bigeye** 4.2% 2.3% 3.4% 2.2%
Dragonet/gurnard** 3% 4.5% 3.4% 3.8%
Flounder** 4.5% 0.5% 3.9% 0.6%
Slipper lobster** 2.8% 3.0% 2.8% 2.9%
Boarfish** 2.4% 2.7% 2.7% 3.1%
Shrimp** 2.6% 2.5% 2.6% 2.5%

**species that were not included in the pseudo diet species mix
Summary:

Diet 4) 13.5-15% Angel/cardinalfish (10-13% estimated)
31.5-35% Goatfish M (20-25% estimated)
31.5-35% Bluestripe snapper (3-9% estimated)
13.5-15% Pebble crab (8-10% estimated)

50



although goatfish M. were underestimated. Again, snapper, this time bluestripe snapper was very
significantly underestimated. False positives included primarily goatfish p. and tile/razor fish

group, plus other more minor items (a bit of pebble crab may go to another crab/lobster).

Angel/cardinalfish and pebble crab are well estimated, out of all 40, in the specified diet,
Boxplots of each run follow.
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Figure 25.--Boxplot of the QFASA simulation results for diet Trial 4, using the dietary FA set, 40 species
groupings, and no noise. 1000 iterations. The diet composition specified is represented in plots as “a”.
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40 species groupings, and no noise. 1000 iterations. The diet composition specified is represented in plots

Figure 26.--Boxplot of the QFASA simulation results for diet Trial 4, using the extended dietary FA set,
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Figure 27.--Boxplot of the QFASA simulation results for diet Trial 4, using the dietary FA set, 40 species
groupings, and 10% noise. 1000 iterations. The diet composition specified is represented in plots as “a”.
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Figure 28.--Boxplot of the QFASA simulation results for diet Trial 4, using the extended dietary FA set,
40 species groupings, and 10% noise. 1000 iterations. The diet composition specified is represented in

plots as “a”.
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Table 11.--QFASA simulation results for each of four simulation runs using the diet composition
specified above. Each number represents the proportion that each species occupied in the
modeled diets. Species that appeared significantly in the modeled diets but were not part of the
pseudo diet are also listed.

No Noise 10% Noise
Dietary Extended Dietary Extended

Butterfly/forcep/pennantfish 12.6% 15.8% 12% 15%
Chromis/dascyllus 9.6% 9.6% 9.3% 9.4%
Duckbill 9.3% 9.1% 9.5% 9.4%
Lizard/snakefish 15.2% 12.4% 14% 11.3%
Slipper lobster 7.8% 10.9% 7.9% 10%
Swimming crab 1.3% 3.2% 1.4% 3%
Spiny lobster®*  97%  44% 89% 48%
Scorpionfish** 3.6% 3.3% 4% 3.3%
Bigeye** 3.4% 3.3% 3.1% 3.6%
Pebble crab** 2.8% 3.1% 2.4% 2.6%
Tang/surgeonfish** 2.8% 2.5% 2.8% 2.7%
Soldierfish** 1.9% 1.2% 1.6% 1.2%
Sergeant™** 1.8% 3.1% 2.1% 3.4%
Moray** 1.3% 0.5% 1.5% 0.8%
Triggerfish** 1% 1.8% 1.1% 1.9%

**species that were not included in the pseudo diet mix
Summary:

Diet 5) 18-20% Butterfly/forcep/pennantfish (12-16% estimated)
18-20% Chromis/dascyllus (9-10% estimated)
13.5-15% Duckbill (9-10% estimated)
13.5-15% Lizard/snakefish (11-15% estimated)
18-20% Slipper lobster (8-11% estimated)
9-10% Swimming crab (1-3% estimated)

Simulations generally performed the worst on this diet, with some underestimation of all prey
specified. Nevertheless, the specified species still were the ones estimated to make up the major
portion of the diet, except for much slipper lobster and swimming crab coming in as spiny
lobster and pebble crab. (Boxplots are not illustrated.)
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Second Diet Simulations: Combining Problematic Species Groups
Snappers

The previous simulations allowed for several problematic species to be identified. First,
simulation results (Trials 1-4) indicated that the four species of snappers (E. carbunculus, L.
kasmira, P. filamentosus, P. zonatus) represented at the most 50% of the proportion they were
expected to occupy in their respective trial, relative to the proportions specified in each prey
species mix. This could be explained by results of previous discriminant analyses, which
indicated that some snapper species in the NWHI exhibit similarities at the level of their FA
signatures — in fact all the 3 deepwater snappers clustered closely together. For example, it was
demonstrated that 25% of the pink snappers were consistently misclassified as flower snappers.
In order to determine whether the four snapper species should be grouped together for further
modeling, their respective FA signatures were plotted (Fig. 29). It was expected that the
bluestripe snapper L. kasmira, a shallow-water species, would be distinguishable from the three
deepwater snapper species. However, all snappers appeared to have somewhat similar FA
signatures when plotted on the extended dietary set of FAs. The four species were, therefore,
combined and considered as one in this series of simulations.

Goatfishes

Two genus of goatfishes (Mulloidichthys and Parupeneus spp.) were originally considered as
two different species groups among the 40 groups used in the modeling process. However,
classification results of previous discriminant analyses have revealed that goatfishes of the two
genuses can be consistently misidentified as one another. In addition, the results of Trial 4 (both
goatfish groups appeared in the modeled diets while only goatfish M. was specified in the pseudo
diet) suggested that there might be an overlap in the FA signatures of the two groups of
goatfishes. The FA signatures of both species groupings were plotted to check for commonalities
in patterns. As depicted in Figure 30, the FA signatures of these two genuses of goatfishes was
similar when plotted on the extended dietary FA set. The goatfishes were, therefore, combined
and treated as a single species for the following sets of simulations.
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Trial 6: Combined Species (snappers)

Diet Composition: no noise w/noise
Angel/cardinalfish ~ 15% 13.5%
Snapper 35% 31.5%
Goatfish 35% 31.5%
Moray eel 15% 13.5%
noise -- 10%

Table 12.--QFASA simulation results for each of four simulation runs using the diet composition
specified above. Each number represents the proportion that each species occupied in the
modeled diets. Species that appeared significantly in the modeled diets but were not originally
included in the pseudo diet are also listed.

No Noise 10% Noise

Dietary Extended Dietary Extended
Angel/cardinalfish 9.1% 11.7% 9.1% 11.8%%
Snapper 12.3% 16.9% 10.9% 14.5%
Goatfish 14.8% 17% 12.2% 14.4%
Moy 124% 132% 125% 135%
Lizard/snakefish** 7.5% 1.9% 7.4% 2%
Boarfish** 7.2% 3.8% 5.4% 3.3%
Dragonet/gurnard** 6.7% 5.6% 6.7% 5.6%
Squirrelfish** 5% 2.6% 4.9% 2.5%
Tile/knife/razorfish** 4.8% 2.9% 5.1% 3.2%
Soldierfish** 0.9% 4.2% 0.9% 4%
Bigeye** 3% 3.7% 2.8% 3.2%
Cusk/conger eel** 3% 2.5% 3.3% 2.7%
Toby** 2.1% 2% 2.5% 2.2%
Duckbill** 1.8% 3.4% 1.8% 3.6%

**species that were not included in the pseudo diet mix
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Summary:

Diet 6) 13.5-15% Angel/cardinalfish (9-12% estimated)
31.5-35% Snapper (11-17% estimated)
31.5-35% Goatfish (12-17% estimated)
13.5-15% Moray eel (12-14% estimated)

Major prey estimated in the diet were those specified, but although angel/cardinalfish and moray
eels were well-estimated (e.g., Fig. 31), snappers and goatfish were estimated at only 50% of that
specified, suggesting overlap with other species.
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Figure 31.--Boxplot of the QFASA simulation results for diet Trial 6, using the extended dietary FA set,
40 species groupings, and 10% noise. 1000 iterations. The diet composition specified is represented in
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plots as “a”.
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Trial 7: Combined Groups (goatfishes)

The following pseudo diet was created in an attempt to identify which species the snappers were
consistently mistaken for.

Diet Composition: no noise w/noise
Snapper 90% 81%
Moray 10% 9%
noise -- 10%

Table 13.--QFASA simulation results for each of four simulation runs using the diet composition
specified above. Each number represents the proportion that each species occupied in the
modeled diets. Species that appeared significantly in the modeled diets but were not originally
specified in the pseudo diet are also listed.

No Noise 10% Noise
Dietary Extended Dietary Extended

Snapper 66.2% 66.2% 52.9% 57.6%
Moy  T6% %  88% 9.2%
Lizard/snakefish** 8.8% 4.9% 9.9% 3.8%
Duckbill** 5.4% 6.3% 4.9% 6%
Boarfish** 4.3% 2.3% 5.2% 2.6%
Beardfish** 2.3% 2.2% 3.5% 2%

**species that were not included in the pseudo diet mix

Summary:

Diet 7) 81-90% Snapper (53-66% estimated)
9-10% Moray (8-9% estimated)

Moray eels were well-estimated in diets. Although snapper was better estimated than previously,
it remained underestimated by 25% of that specified (e.g., Fig. 32). Duckbill, boarfish and
beardfish appear to remain among those groups that are frequently mistakenly identified as
species in the diet (see Trials 1, 2, 3, 4, 6), along with lizard/snakefish (see Trials 2, 3, 6).
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Figure 32.--Boxplot of the QFASA simulation results for diet Trial 7, using the extended dietary FA set,

40 species groupings, and 10% noise. 1000 iterations. The diet composition specified is represented in
plots as “a”.

The model appeared to perform better when combining snappers in this trial. However, when
diet Trial 4 (see above) was modeled using the combined snappers and goatfish, the model
actually performed worse. Thus, a simple combining of snappers, or other groups might not be
the best answer (see following section). For instance, it may perhaps be better to model snappers

separately but to understand that especially the deepwater snappers may have overlap with one
another.

Third Diet Simulations: Evaluation of FA Sets, Removing False Positives,
and Modeling 10 Species of Interest

Evaluation of FA Sets

The first two series of simulations were conducted on two sets of FAs (dietary and extended
dietary) and yielded fairly promising results with the overall detection of major prey species in
simulated diets out of all 40 groups. However, while the absolute proportions of species groups
in the modeled diet were sometimes quite similar to the proportions specified in the pseudo diet,
some species groups, especially snappers, were underestimated, with other species groups not
included in the pseudo diets erroneously appearing as false positives. Although these would be
expected in all simulations that included 10% noise, their presence was higher than specified. In
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an attempt to further determine what influence the set of FAs had on the model and which would
yield the best simulation results, two new sets of FAs were employed to run supplementary
analyses (see Appendix C). A third set of FAs for modeling (‘modified 1 extended dietary’) was
created largely following work on captive Steller sea lions and harbor seals (S. Iverson and D.
Tollit, unpublished data), which had measured equally reliable and comparable calibration (CC)
estimates to those of monk seals. The fourth set of FAs (‘modified 2 extended dietary’), was
constructed from the extended dietary list, but where FAs with an average mean of less than
0.10% mass percent, and FAs that were routinely zeros in many NWHI prey species, were
removed from the list.

The following two re-simulations and subsequent removal of prey, demonstrate the kind of
iterations that can be performed, which result in high classification success and species
identification in simulated diets.

Trial 1.2

Diet composition (from the original Trial 1): 15% Spiny lobster, 15% Pink snapper, 35% Moray
eel, and 35% Wrasse
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Table 14.--Results of QFASA simulations conducted using the pseudo diet composition of Trial
1 modeled on the modified 1 and 2 extended dietary FA sets. The results of the previous
simulations conducted using the dietary and extended dietary FA set are displayed for
comparison. Two simulations were run for each set (with or without 10% noise). The total
percent false positive is presented, which is a measure of the total proportion of species that have
been misclassified. Also listed are the major false positives groups that appeared in the modeled
diets.

No Noise 10% Noise

Dietary Extended Modified Modified Dietary Extended Modified  Modified
Spiny 12% 10% 1 1.16% 10.28% 11.2% 9.5% 10.15% 9;%
lobster
(15/13.5%)
Pink 5% 5% 5.7% 5.1% 4.6% 4.5% 5.4% 4.8%
snapper
(15/13.5%)
Moray eel =~ 32.2%  32.4% 34.2% 33.3% 29.1% 29.1% 30.0% 29.2%
(35/31.5%)
Wrasse 19% 28% 26.4% 26.8% 19.9% 27.4% 26.6% 27.2%
(35/31.5%)
Scorpion 12% 7% 4.9% 5.7% 10.6% 5.5% 4.5% 5.2%
fish **
Toby** 5% 3.2% 3.0% 3.3% 4% 2.8% 2.7% 2.8%
Duckbill** = 1.5% 1.7% 1.6% 1.7% 2% 1.9% 1.7% 1.7%
Others** 13.3%  12.7% 12.6% 13.3% 18.6% 19.3% 18.6% 19.3%
% False 31.8%  26.60% 22.1% 24.0% 35.2% 29.5% 27.5% 29.0%
Positive (25.2%) (19.5%) (17.5%) (19.0%)

**Species that were not included in the pseudo diet species mix. Only the unspecified species
representing more than 1.5% of the modeled diet are listed in the table. The rest are grouped as a single
‘others’ category.

Boxes highlight the best results (i.e., the lowest proportion of false positives) for the no noise simulation.

Trial 3.2

Diet composition (from the original Trial 3): 20% Parrotfish, 15% Scorpionfish, 15% Spiny
lobster, 15% Squirrelfish snapper, 30% Triggerfish, and 5% Octopus.
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Table 15.--Results of simulations conducted using the pseudo diet composition of Trial 3
modeled on the modified 1 and 2 extended dietary sets FA. The results of the previous
simulations conducted using the dietary and extended dietary FA set are displayed for
comparison. Two simulations were run for each set (with or without 10% noise). The percent
false positive is presented, which is a measure of the total proportion of species that have been
misclassified. Also listed are the major false positive groups that appeared in the modeled diets.

No Noise 10% Noise

Dietary Extended Modified Modified Dietary Extended Modified Modified
Parrotfish 17.6%  18.3% 18.12% 18.24% 16.3% 17.2% 16.19% 17.21%
(20/18%)
Scorpionfish = 14.6% 10% 10% 9.6% 13.6% 8.6% 8.4% 8%
(15/13.5%)
Spiny lobster = 12.6% 10% 9.9% 9.9% 11.6% 9.3% 9.3% 9.5%
(15/13.5%)
Squirrelfish 2.1% 4.5% 4.7% 2.9% 2.2% 5% 5.3% 3.7%
snapper

(15/13.5%)
Triggerfish 19% 27% 27.8% | 27.5%  18% 25% 25.1%  24.8%
(30/27%)

Octopus 7.5% 3.1% 3.4% 3.3% 6% 2.6% 2.7% 2.4%
(5/4.5%)

Swimming 5.2% 4.8% 5.4% 4.9% 5% 4.4% 4.9% 4.5%
crab**

Lizard/snake 3.0% 2.1% 2.2% 2.2% 3% 2.2% 2.0% 2.1%
fish**

Moray** 2.4% 2.3% 2.0% 2.5% 2.9% 3% 3.1% 3.8%
Duckbill** 2.2% 3.7% 3.7% 4.9% 2.1% 3.2% 3.0% 4.3%
Toby** 1.6% 1.3% 1.4% 1.0% 1.7% 1.5% 1.7% 1.6%
Others** 12.2% 12.9% 11.3% 12.9% 17.6% 18.0% 17.6% 18.2%
% False 26.6% 27.1% 26.0% 28.4% 32.3% 32.3% 32.3% 34.5%
Positive (22.3%) (22.3%) (22.3%) @ (24.5%)

**Species that were not included in the pseudo diet species mix. Only the unspecified species
representing more than 1.5% of the modeled diet are listed in the table. The rest are grouped as a single
‘others’ category.

Box highlights the best results (i.e., the lowest proportion of false positives) for the no noise simulation.
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Removing False Positives

From the 8 simulations run for each of the above two pseudo diet compositions, the diet/FA set
pairing which yielded the best simulation results (i.e., the lowest proportion of false positives)
were selected. We used only the trials run with no noise, as the 10% misclassifications specified
for those runs might confuse the issue. For each of these selected ‘best’ trials (highlighted in
boxes in Tables 14, 15), the false positive groups that represented more that 0.01% of the
modeled diet were removed. The pseudo diets were then re-modeled for each trial to examine
whether the modeled diets would reflect the pseudo diets more accurately, without species
presenting a potential overlap in their FA signatures. Results are presented in Tables 16 and 17.

The best of Trial 1.2

Two simulations yielded the lowest proportion of false positives in the pseudo diet composition
of Trial 1 (Table 14) when run with no noise: the diet modeled on the modified 1 and 2 FA sets
with no noise. The following false positive groups were removed prior to conducting the next set
of simulations: scorpionfish, toby, duckbill, flower snapper, lizard/snakefish.

Table 16.--Simulations results for Trial 1.2 with major false positives removed. Also listed are
the new false positive groups (**) and the total proportion of new false positives as a measure of
the simulation success.

No Noise
Modified 1 Modified 2

Spiny lobster (15%) 13.6% 12.8%

(91% correct) (85% correct)
Pink snapper (15%) 8.8% 8.9%

(59% correct) (59% correct)
Moray eel (35%) 38.8% 37.8%

(4% overestimated) (4% overestimated)

Wrasse (35%) 25.9% 27.2%

(74% correct) (78% correct)
Octopus** 1.2% 1.5%
Boarfish** 1.1% 0.8%
Bigeye™** 1.0% 0.9%
Others** 9.8% 10.1%
% false positives 13.1% 13.3%

**Species that were not included in the pseudo diet species mix

Boxplots of each run follow.
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Figure 33.--Boxplot of the QFASA simulation results (1000 iterations) for diet Trial 1.2, using the

modified 1 FA set and no noise, on all species groups except with scorpionfish, toby, duckbill, flower

snapper, and lizard/snakefish removed. The diet composition specified is represented in plots as “a”.
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Figure 34.--Boxplot of the QFASA simulation results (1000 iterations) for diet Trial 1.2, using the

modified 1 FA set and no noise, on all species groups except with scorpionfish, toby, duckbill, flower

snapper, and lizard/snakefish removed. The diet composition specified is represented in plots as “a”.
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The best of Trial 3.2

The lowest proportion of false positives using no noise resulted from modeling the diet
composition of Trial 3 on the modified 1 FA set. The following six false positive groups were
removed prior to conducting another simulation: swimming crab, lizard/snakefish, moray eels,
duckbill, toby, and wrasse/hogfish/coris.

Table 17.--Simulation results for Trial 3.2 with major false positives removed. Also listed are the
new false positive groups (**) and the total proportion of new false positives as a measure of the
simulation success.

No Noise
Parrotfish (20%) 17.8%
(89% correct)
Scorpionfish (15%) 15.6%
(100% correct)
Spiny lobster (15%) 12.8%
(85% correct)
Squirrelfish snapper (15%) 8.0%
(53% correct)
Triggerfish (30%) 28.9%
(96% correct)
Octopus (5%) 3.8%
(76% correct)
Box crab** 2.0%
Cutthroat/snake eel** 1.2%
Butterfly/forcep/pennantfish ** 1.1%
Bigeye™** 1.1%
Others** 7.7%
% False Positive 13.1%

**Species that were not included in the pseudo diet species mix

The boxplot of this run follows.
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Figure 35.--Boxplot of the QFASA simulation results (1000 iterations) for diet Trial 3.2, using the
modified 1 FA set and no noise, on all species groups except with swimming crab, lizard/snakefish,

moray eels, duckbill, toby, and wrasse/hogfish/coris removed. The diet composition specified is
represented in plots as “a”.

Simulating 10 Species of Interest

In addition to the simulations performed above to explore the identification and estimation of
prey species in simulations of pseudo diets, we were asked to perform a final simulation, which
included a large number of species (10), all at the same specified level in diet. Previous QFASA
simulations (including using other prey databases) have shown that pseudo diets containing a
large number of species are generally not well-simulated for a reason that has to do with the
mathematical procedures used. At this stage, until further work is developed, we do not yet fully
understand what the mathematical issues are, but simulations may be effected by the splitting
process, by sample sizes of prey species or groupings (e.g., when vastly differing sample sizes of
prey exist, or when prey specified in the simulations are represented by < 30-40 individuals,
greater errors appear across all prey and simulations), and by the number and levels of prey
specified in the pseudo diet, that may have little to do with how well prey are actually
differentiated or estimated in the diets of real predators (S. Iverson and W. Blanchard,
unpublished data). Thus, when erroneous results appear in such simulations, we do not yet know
whether such results would occur in modeling the actual predator or whether they merely reflect

something in the simulation process itself. Nevertheless, we performed these simulations to
investigate the success of estimates.
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10 Species Mix:

1. Armorhead: 10% (n=20)
2. Moray: 10% (n=135)
3. Spiny lobster: 10% (n=60)
4. Octopus: 10% (n=40)
5. Squirrelfish.snapper: 10% (n=21)
6. Flower.snapper: 10% (n=19)
7. Squid: 10% (n=15)
8. Tang-surgeonfish: 10% (n=154)
9. Triggerfish: 10% (n=39)
10. Flounder: 10% (n=117)

All simulations were modeled on the modified 1 and 2 FA sets, given that previous results
indicated that modeling on these sets yielded the best results. The simulations were first
performed using 10% of each of the 10 specified prey groups. Then modeling was re-performed,
after sequentially removing false positives. These results are presented in Table 18.
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Table 18.--Results of QFASA simulations for a diet composed of the 10 species mix above (10%
each), using the modified 1 and 2 FA sets. Results represent the proportion (%) each species
appearing in the modeled diet. The false positive value is the total proportion of misclassified
species. Species specified in the diet are highlighted in blue. In Trial 1, all species were used in
modeling. In Trial 2, the following false positive species were excluded from: cutthroat/snake
eel, shrimp and toby. In Trial 3, one additional false positive, beardfish, was removed.

Trial 1 Trial 2 Trial 3
(n =40) (n=37) (n = 36)

Modified | Modified Modified 1 Modified 2 Modified 1 | Modified 2

1 set (%) | 2 set (%) set (%) set (%) set (%) set (%)
angel_cardinalfish 1.9 1.9 1.9 2.1 1.9 1.9
Armorhead 8.0 7.7 9.8 9.7 9.8 10.3
Beardfish 5.8 3.8 6.6 5.3
Bigeye 0.5 0.4 0.5 0.4 0.3 0.3
bluestripe.snapper 1.1 1.6 0.9 1.1 0.8 0.7
Boarfish 15 1.6 15 1.6 0.6 0.7
box.crab 0.6 1.1 15 1.7 2.9 2.6
butterfly.forcep.pennant 2.1 1.2 2.2 1.3 1.8 1.1
chromis.dascyllus 0.8 1.0 0.6 0.7 0.9 0.9
Chub 0.4 0.4 0.3 0.2 0.3 0.2
cusk conger_eel 0.5 0.6 1.2 1.1 0.3 0.3
cutthroat.snake.eel 3.5 4.3
dragonet.gurnard 0.7 0.7 1.0 1.0 0.3 0.3
Duckbill 1.8 2.5 5.1 5.2 4.9 5.4
Flounder 5.3 3.9 3.8 3.2 2.4 3.0
flower.snapper 1.2 1.8 1.8 2.8 3.8 3.3
goatfish.M 0.8 0.9 1.3 1.6 0.1 0.2
goatfish.P 0.0 0.0 0.0 0.0 0 0.0
lizard.snakefish 2.2 1.4 1.9 1.2 0.9 0.7
Moray 6.6 7.0 6.9 6.9 7.3 7.8
Octopus 8.1 8.1 7.4 7.5 9.3 9.2
Parrotfish 0.9 0.9 0.6 0.5 0.9 1.1
pebble.crab 1.0 0.6 15 1.0 1.6 1.3
pink.snapper 0.7 0.4 0.7 0.5 0.4 0.5
Scorpionfish 1.6 1.7 15 1.7 1.2 1.7
Sergeant 0.5 0.5 0.3 0.4 0.2 0.2
Shrimp 3.8 3.8
slipper.lobster 2.6 3.6 3.7 4.6 0.9 0.9
Soldierfish 1.3 2.4 1.0 1.4 0.8 1.1
spiny.lobster 15 1.3 1.6 15 4.6 4.9
Squid 9.4 9.1 10.4 10.0 9.7 9.4
squirrelfish.snapper 5.2 6.3 5.1 6.4 10.4 9.6
Squirrelfish 0.9 1.6 1.0 1.9 1 1.6
swimming.crab 0.6 0.7 0.4 0.4 1.1 1.0
tang.surgeonfish 5.1 6.0 5.6 6.2 6.5 6.9
tile.knife.razorfish 15 1.4 1.8 1.7 0.9 0.9
Toby 2.6 3.1
Triggerfish 4.0 3.3 5.7 5.6 5.9 6.2
Unicornfish 1.1 0.8 0.9 0.7 0.6 0.6
wrasse.hog.coris 2.2 0.6 1.8 0.9 2.8 1.8
% false positives 455 455 41.7 40.2 30.5 29.4
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Simulations revealed that the removal of cutthroat/snake eels, shrimp and toby had minor
impacts on the simulation results, with ~ 40% false positives remaining in simulated diets (Table
18, Trial 2). However, the removal of the beardfishes improved the modeling results of several
species; the armorhead, the octopus, the squid, and the squirrelfish snapper were all successfully
modeled upon the exclusion of beardfishes from the modeling process (Table 18, Trial 3). This
may suggest an overlap in the FA signature of squirrelfish snapper and beardfish. Nevertheless,
some species such as the flounder and the flower snapper were still underrepresented in the
simulation results, and other false positive species, such as the duckbill, appeared. Problems
arising from some species groups having large sample sizes and at least four having n <21 may
have contributed to performance of the simulations, especially with a large number of species.

To investigate whether the underestimates of specified prey and appearance of false positives
were a real function of the species FA signatures or contribution of mathematical issues in the
current simulation process with a large number of species, the 10 prey groups were split into two
sets of five prey groups each and remodelled to elucidate whether there may be numerical
problems with simulating on 10 species, as has been found previously.

SET 1: SET 2:

Armorhead 20% Spiny lobster 20%
Flounder 20% Squid 20%
Flower snapper 20% Squirrelfish snapper 20%
Moray eel 20% Tang/surgeonfish 20%
Octopus 20% Triggerfish 20%

Two sets of simulations were performed. After each full simulation (Trial 1), the major false
positives were sequentially removed (denoted by --------- ), and the model was rerun (Tables 19
and 20, Trials 2-3 and 2-6, respectively). Figure 36 illustrates the boxplots of the simulation
(Table 18, Trial 1) run with all 10 species at 10% and in comparison to one of the simulations
(Table 19, Trial 1, SET 1) run with 5 of the 10 species at 20%.
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Table 19.--Results of QFASA simulations obtained from modeling the diet of SET 1 above (20%
each), using only the modified 1 FA set. Results represent the proportion (%) each species
appeared in the diet after modeling. The false positive value is the total proportion of mis-
classified species. Species specified in the diet are highlighted in blue. In trial 1, all species were
used in modeling. In subsequent trials major false positives were sequentially removed (-----).

Trial 1 Trial 2 Trial 3 Trial 4
(n=40) (n=38) (n=37) (n=36)
pink and
pink and squirrelfish
pink and squirrelfish snappers,
squirrelfish snappers, lizard/snakefish,
Species excluded None shappers lizard/snakefish beardfish
angel_cardinalfish 0.1 0.1 0.1 0.1
armorhead 18.7 18.7 18.0 18.5
beardfish 2.6 3.2 3.5
bigeye 0.2 0.3 0.8 1.1
bluestripe.snapper 0.7 1.1 0.6 0.9
boarfish 0.7 0.9 1.6 1.1
box.crab 1.2 1.0 1.0 0.7
butterfly.forcep.pennant 0.3 0.3 0.2 0.2
chromis.dascyllus 0.0 0.0 0.0 0.0
chub 0.2 0.2 0.2 0.1
cusk conger_eel 0.9 1.0 0.9 1.1
cutthroat.snake.eel 0.7 0.8 0.7 14
dragonet.gurnard 0.7 0.7 0.8 0.6
duckbill 0.5 14 1.6 2.2
flounder 12.1 12.7 135 14.1
flower.snapper 11.1 12.9 14.4 15.3
goatfish.M 0.0 0.0 0.0 0.0
goatfish.P 0.0 0.0 0.0 0.0
lizard.snakefish 2.4 3.4
moray 17.8 18.6 194 18.9
octopus 15.9 15.5 16.1 16.3
parrotfish 0.0 0.0 0.1 0.0
pebble.crab 0.2 0.1 0.1 0.1
pink.shapper 2.4
scorpionfish 1.5 1.4 2.0 2.2
sergeant 0.0 0.0 0.0 0.0
shrimp 0.3 0.2 0.2 0.2
slipper.lobster 0.1 0.1 0.0 0.0
soldierfish 0.4 0.4 0.3 0.4
spiny.lobster 0.2 0.3 0.3 0.2
squid 1.3 1.6 1.2 1.9
squirrelfish.snapper 3.4
squirrellfish 1.5 1.3 1.0 1.0
swimming.crab 0.0 0.0 0.0 0.0
tang.surgeonfish 0.2 0.1 0.1 0.1
tile.knife.razorfish 0.6 0.3 0.2 0.3
toby 0.7 0.7 0.8 0.7
triggerfish 0.1 0.1 0.0 0.0
unicornfish 0.1 0.2 0.2 0.1
wrasse.hog.coris 0.1 0.1 0.0 0.0
% false positives 24.3 21.3 18.5 16.7
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Table 20.—Results of QFASA simulations obtained from modeling the diet of SET 2 above
(20% each), using only the modified 1 FA set. Results represent the proportion (%) each species

appeared in the diet after modeling. The false positive value is the total proportion of mis-

classified species. Species specified in the diet are highlighted in blue. In Trial 1, all species were

use in modeling. In subsequent trials, major false positive were sequentially removed (-----).
Trial 1 | Trial 2 Trial 3 Trial 4 Trial 5 Trial 6
(n=40) | (n=39) (n =38) (n=37) (n =36) (n=35)
duckbill, duckbill, swim. duckbill, swim.
duckabill, swimming crab, parrot- crab, parrotfish,
swimming crab, fish, cutthroat/ | cutthroat/ snake
Species excluded None duckbill crab parrotfish shake eel eel, beardfish
angel_cardinalfish 2.0 1.4 1.6 1.3 1.4 1.2
armorhead 0.0 0.0 0.0 0.0 0.0 0.2
beardfish 2.9 2.8 2.2 2.5 35| e
bigeye 0.1 0.1 0.2 0.2 0.4 0.5
bluestripe.snapper 0.1 0.1 0.1 0.1 0.1 0.1
boarfish 0.5 1.1 1.0 1.0 0.8 0.5
box.crab 0.5 0.6 15 2.2 1.6 15
butterfly.forcep.pennant 1.2 1.2 1.1 0.7 0.7 1.0
chromis.dascyllus 1.7 1.8 1.2 1.9 1.5 1.9
chub 0.4 0.2 0.3 0.5 0.7 0.4
cusk conger_eel 0.2 0.1 0.2 0.2 0.3 0.3
cutthroat.snake.eel 2.9 4.5 4.6 L el T
dragonet.gurnard 0.2 0.1 0.1 0.2 0.1 0.1
duckbill L e el et el
flounder 0.7 1.1 1.2 1.2 0.7 0.6
flower.snapper 0.0 0.1 0.0 0.0 0.1 0.3
goatfish.M 0.3 0.2 0.3 0.2 0.1 0.2
goatfish.P 0.0 0.0 0.0 0.0 0.0 0.0
lizard.snakefish 0.5 0.5 0.5 0.8 0.7 0.7
moray 0.6 0.8 0.6 0.6 0.4 0.7
octopus 1.1 1.2 1.4 1.7 1.1 1.1
parrotfish 3.0 3.2 K e T T
pebble.crab 1.7 1.9 1.6 1.7 1.3 2.0
pink.snapper 0.1 0.2 0.2 0.1 0.0 0.1
scorpionfish 0.4 0.6 1.0 0.6 0.8 0.9
sergeant 0.3 0.2 0.2 1.8 1.7 1.5
shrimp 14 14 15 0.9 1.7 2.0
slipper.lobster 0.3 0.3 0.4 0.2 0.2 0.2
soldierfish 0.6 0.5 0.5 0.4 0.2 0.3
spiny.lobster 10.3 9.8 12.0 12.4 14.1 14.4
squid 19.6 19.7 19.8 19.5 19.6 19.5
squirrelfish.snapper 3.5 5.9 6.5 6.7 10.2 12.9
squirrellfish 0.1 0.1 0.0 0.1 0.0 0.1
swimming.crab 3.9 K el el T T
tang.surgeonfish 13.0 13.1 13.1 14.1 14.3 14.3
tile.knife.razorfish 1.0 0.7 0.7 0.5 0.6 0.5
toby 1.2 1.8 1.0 0.8 0.6 0.6
triggerfish 16.1 16.2 16.9 18.0 18.0 16.8
unicornfish 0.5 0.4 0.4 0.6 0.8 0.8
wrasse.hog.coris 2.1 2.3 2.6 2.0 1.7 1.7
False Positive 37.3 35.4 31.6 29.1 23.8 22.0
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flounder, 10% flower snapper, 10% moray, 10% octopus, 10% spiny lobster, 10% squid, 10% squirrelfish

Figure 36. Boxplot contrasting the QFASA simulation results for a diet of upper: 10% armorhead, 10%
snapper, 10% tang/surgeonfish, and 10% triggerfish, and lower: 20% armorhead, 20% flounder, 20%

flower snapper, 20% moray, and 20% octopus (trial 1, Tables 18 and 19). The blue ‘a’ is a visual marker

of the proportion of each prey.
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Summary of Prey Simulations

The results of previous QFASA simulations have suggested that some numerical problems arise
when including a large number of species in simulations or when large differences in sample
sizes between the specified species exist. Given that when simulations were run with five instead
of ten of the species specified, 1) all species specified in the diet were better estimated, and 2) the
number of total false positives were lower; the current simulation results appear to corroborate
this observation. The simulations conducted with the two species sets suggested that the 10
species of interest can be characterized on the basis of their FA signature, although some overlap
was clearly detected. The removal of certain species and remodeling process suggests a way to
improve our understanding of these overlaps. Nevertheless, out of all 40 prey groups, the species
specified were those that appeared most significantly in the simulated diets.

In general, one can perhaps best see the results of simulations most easily when examining the
graphical illustrations of simulations, including those originally performed, those using modified
FA sets, and those with removal of certain prey. These show, that in terms of distinguishing prey
groupings from all other 40 prey groupings in the diet, in most cases the major prey species in
the specified diets are being estimated and many times estimated at their absolute levels fairly
well. This is encouraging, given the huge complexity of this prey database and ecosystem. If, in
the modeling of actual monk seal diets, the model performs as well or better than in simulations,
then it would mean that QFASA is, overall, detecting the major prey that monk seals are
utilizing. However, one has to be very aware, in this ecosystem — which is pushing the very
limits of QFASA, of several important issues: 1) that of overlap in some problematic species, as
well as 2) noise in terms of false positives. The second issue may be easier to deal with. As
illustrated by the simulation graphs in general, species that appear in actual diet estimates at very
low levels may have to be taken with a grain of salt; that is, while minor occurrences in diets
could be real, such levels may also simply reflect noise. However, if such prey are indeed very
minor in monk seal diets in any case, then they likely would not matter significantly to the monk
seal population in general. The more significant issue to be aware of, is which species may be
exhibiting most overlap with one another such that it results in the appearance of significant false
positives and underestimation of actual prey of importance - and to then determine how best to
deal with those prey in terms of interpreting modeling results for actual monk seal diet estimates.
We thus performed one additional analysis to address these issues in a somewhat different
manner than simulating the diets of pseudo seals.

Prey Modeled on Other Prey

The simulations of pseudo seals provide powerful insight into the success of the QFASA model
in differentiating prey and in estimating proportions specified. However, to an extent that is not
yet fully understood mathematically, simulations may be effected by the splitting process, by
sample sizes of prey species or groupings, and by the number and levels of prey specified in the
pseudo diet, that may have little to do with how well prey are actually differentiated or estimated
in the diets of real predators (S. Iverson and W. Blanchard, unpublished data). Thus, we
performed one additional set of modeling, which is closer to the way in which real predators are
modeled. The aim of this modeling was to simply model each individual prey grouping on all
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other prey in the database, including itself. This process of modeling the prey species as predator
should provide the best test of the probability of correctly identifying a given prey and/or
likelihood of mistaking it for other prey, as well as to directly identify which prey it is most-
likely to be mistaken for. This process should also provide insight into how our groupings appear
to be working in terms of both successfully combining FA signatures and thus being able to
interpret model results ecologically.

The procedure undertaken was the following: for each of the 40 species groups (e.g., beginning
with "angel.cardinalfish"), from the individuals sampled (i.e., n = 38 in that group, Table 2), the
individuals were randomly split into two groups of equal sample size: a simulation group and a
modeling group. An average of the simulation group was then modeled in QFASA on the
modeling group and all other 39 prey species groups. This process of splitting and modeling was
repeated 1000 times, as before. The results of this modeling series should indicate the likelihood
of that selected prey being identified as itself or as other prey. We used two additional FA sets
for these models. Given the relative success of the modified 1 and 2 extended FA sets, we used
those sets with minor corrections specific to monk seals: the first new set was almost identical to
the former two, but simply replaced two FAs that were either more or less reliably measured in
the NWHI ecosystem and monk seals (as opposed to northern temperate), while the second set
removed any FA that was measured at close to zero in captive or wild monk seals, regardless of
whether it had a CC with little variability, to remove any influence of noise around zero having
significant impacts on our estimates (Appendix C). Since this is the way we planned to model
actual monk seals, these were deemed the best sets for this procedure.

The results of this modeling series were first summarized, as a whole, in image plots, which
allow an overall view of modeling success and of reliably identifying a prey group in the
QFASA model (Fig. 37). The degree to which a bright yellow square is matched with the same
prey group on the X and Y axis indicates the success of estimating that prey group as itself out of
all 39 other prey groups in the QFASA model. The relatively consistent diagonal line formed by
the yellow squares (Fig. 37a and b) clearly demonstrates that each prey was generally strongly
identified as itself in the QFASA modeling. However, an example of where a prey group was in
part incorrectly identified is the plot for the angel.cardinalfish group in Fig. 37b.
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Figure 37.--Image plots depicting the degree of classifying (estimating) a prey group as itself out of all 40
prey groups using a) the MS FA set and b) the MS minus FA set in the QFASA model (Appendix C).
Brightest yellow squares indicate that 95-100% of the prey group modeled (on the X axis) was estimated
as a given prey on the Y axis. At the farthest extreme, deepest red squares indicate that 0-5% of the prey
group modeled (on the X axis) was estimated as a given prey on the Y axis (i.e., representing outliers or
noise). The diagonal line formed by most yellow squares indicates the success, overall, in estimating prey

groups as themselves.

The following plots (Fig. 38) present the specific results for each of the 40 prey species groups

(in alphabetical order).

77



B vs

. MS minus

angel-cardinalfish

0~

sloo'Goyasseim
- yYsyuiodun
f ysiysabihiug
Ao}
| usiozerapuyan
 Ustuoabunsbue)
_ gelorBuiwiuims
F ysij|j@sunbs
_ Jaddeus ysijaliinbs
| pinbs
J915qo|"Aulds
§ usyeipjos
- J9isqo|Jaddys
F dwuys
_ jueabias
ysyuoidioas
Jaddeusyuid
| qes>sjqqad
| usyroured
_sndoyoc
Aeiow
| ysyoreus'piez))
i d'ysiiech
- WYysiaeol
_ Jaddeus iamoyy
_ Japunoyy
lnapanp
piewnbiaucbelp
[99'9)BUS 1B0IYIIND
- [9a~saBuoa™ysnd
- gnya
@ sniAosepsiwouyd
jueuuad-daaloy Ajpienang
geJo'xoq
| usyieoq
| 4oddeus adinsaniq
| o4abiq
- ysypresq
. pesyow.e

ey SYUPIEY™ 05U
I [ vl |

N o= o

O ™S minus

B vs

armorhead

-~ RN QWY My - O

uoipodouad

5102 6oy asselm
ystpuiosiun
Ysi1a6613
Agoy
ysiIozerajiuy'a|
ysiuoabins Buey
geuo Buiwims
ysujjpunbs
Jaddeus ysiyja1unbs
pinbs
191sgo| Auids
YsiHaIp|os
Jz3sqoliaddis
dwiys
wueabliss
ysyuoidioos
Jaddeusyuid
qeto'a|qaad
ysyroued
sndo120
Aelow
ysiyareuspiez|
d'ysyreob
Wysijreot
Jaddeus iamoy
lspuncy
GNP
plewinB-isuobelp
|99'9)EUS"IBOIYIIND
[EERE o Ty
gnyo
sn||Aasep siWoIyd
jueuuad-daosoy Alue13Ing
gelo'xoq
Ysijeoq
Jaddeus-adiiisan|q
akabig
Hsyypieaq
pEsylouLE
ysiyjeuipiesjabue
[

. MS minus

B vs

beardfish

s1102" oy asSeIM
L ysyuiooun

| ysiabbuy

Agoy

YsiHOZEr I3}
ysiyuoabins buel

L qe.o Buiiwims

| ysy|jpaainbs

“ Jaddeus-ysyjauinbs

pinbs

1215q0) Aulds
ysijlelpjos

| J31sq0| Jaddis
| dwuys

| Jueabias
ysiyuoldioos

B Jaddeusyuid

qeta-s|qaed
| ysyioued

| sndoloo
Aelow

| usyaeustpiez)

dysiyieoh
I"ysyeob

§ seddeus iomoyy

| sapunoy

NRNP
pJeuwinbiauchbelp

_I |2a'aXeUs IeoIyIIND

| 1987 186Buoa™ysNd
L gnyo

snj|Aasep sIWoIy
Jeuuad-dasioyAa1Ing
geld'%0q

Usijieoq
Jaddeus-adiisaniq
akabig

ysipieaq
PESyIOWIE
ystyeuipiea—|abue

—e@h@Uu T MmN O

78



sli02 Boyassem

m_LDu.mDL.mmme__s

. MS minus

B vs

boarfish

_ ysyuiodiun {s1juiooiun
0 ysipa66113 ysiy1abBu3
2 _ Kqo) 2 fgqoa
E YSIJ0zZeJ Iy 2| £ ysiozes ayuy 9|
m m _ ysyuoabins Bbue) " cm ysyyuoslins-buey
qela Bujwwms s = qeJo BuIuwImS
. = ysyjieLinbs By ysiyjaanbs
_ Jaddeus'ysyjaianbs Jaddeus ysiysuinbs
| Pinbs pinbs
_ JaisqolAuids | Js3ysqo Auids
f usyJeipjos == usiieipjos
_Jasysqoleddis I93sqoysaddis
dwiys L dwiys
I wesbias jueabias
_ ysyuoidioos t ysiyuoidioas
i Jaddeusyuid Jaddeusjuid
_ gesd a|qqad | gesorajggad
ysi104led ysiosed
_ sndojoo sndojoo
AeJow Aedow
| usyeyeuspiez ysijexeusp.iezi|
| dusyaeob - L d'ustyreoh
_ W'ysyreof m. IW'ysyieob
L Jaddeus iamoyy o | toddeus iomoy
Japunoy © Japunoyy
| foponp & | Inopponp
pleunBsuobelp xo) i paeunByauobeip
| [o9rxeUsIROIRIND @ [99"8>BUS J80JYIIND
[EERIE Tl el k] o3 L |98~ 18Bu0o ™ sN0
o - gy = angp
) L snjkasep’siwolyd @ L snjAasep siwoayd
D jueuuad-daoioy Ap1911nq =) L Jueuuad-daosoyAleiing
0 _ qeJa'xoq 0 L ge.o xoq
- ysieoq ysijeoq
| Jeddeusadiisaniq _ Jaddeus adinsan|q
_ akabig aAsbig
| usupieag ysypieaq
. peayloule peayJouLe
_ | ysijjeuip.esjabue _ ysiyeuipieo|sbue _
r T ™ T T P L LR T
—O 0N WOWNT ®MON~—O — 0 @ N T N~ O

uoljodoud

s1102'Boyrasse.m
ysiyuloaiun
ys4ab6Ly

Agol

YsiHozZES I 2|1}
ysiyuoahuns-Buel
geJo Buliwms
ysyj@rinbs
Jaddeus-ysiyja1inbs
pinbs
J31500|"Aulds
YsiyJalpjos
J318q0| Jadds
dwuys
weabias
ysiyuoidioas
Jaddeusyuid
gela's|qged
ysio.led
sndojoo
Kelow
ysijaeuspiez
d'ystyreob
W ysiyeah
Jaddeus iamoly
Japunoyy
lneonp
pseuinbysuobelp
[99"[EUS IBOIYIIND
|98 JaBuod™sno
qnyo
Sn||A2sep’sILLoIYD
Jueuuad-dealoy Ajpe1Ing
e xoq
YsiHeoq
Jaddeusaduysang
akabiq
ysijpdeaq
pesyJowe
ysijeuipies—jabue

— O N WS OMNON - O

79



_ su102'Boy asseim
~ ysyuiodun
_ ysiJabbiuny
| Aqoa
Usiozel ajiwya|n
| usyuoabuns-Guey
g gesoBuwims
_ysy|s4anbs
Jaddeus ys)yjaaanbs
pinbs
m ‘@1sqOAUIds
_ ysiJaIp|os
_ J131sqo|Jedd)|s
s dwuys
ueabias
ysiuoidioos
Jaddeusuid
| qesa-eyqgad
| usy3oded
| sndoroo
Aelowl
ysiaeus piez|
d'ysieod
| wysiyieol
Jaddeus iamoyy
Jspunojy
PP
pleunfisuobelp
- [98'ayeus1eOIYIIND
- [9a1abuoo s
- gnya
_ snjAasepsiwody2
_ Jueuuad-daoio) Apenng
geI2'x0q
Ysijeaq
Jaddeus-aduisanq
akabig
- Uslipieaq
peayJow.e
ysty[euipesTehue

. MS minus

| S

box crab

- MmN SO

. suodBoyasseim

| ustyuioown
Ysipa661)

_LEB
YSIHOZEIBIILY 8|1

| usiyuoaBins-buey

. gedoBunuwims

b ysujjanbs

. Jaddeus ysyauinbs

. pinbs
Jgysqo| Aulds

§ usiaiplos
Jz1sqoysadd)s

- dwuys

L jueafiles

_ ysyuoidioos
Jaddeusjuid

. (et 3|qged
ysiiouted

L sndojdo

b Aeow

| usyadeus pez)|

L d'ysijyeoh

. Wysyreoh

. Jaddeustiamol)

L Jzpunoy

- NP

. pleuin6ysucBelp
L [99°@BUS 1BOILIIND
. [9a~Jabuoo)ysN3
L gnyd

| sniAoseprswoiyo

Jueuuad-dasio) AHe1Ing

L gesxoq

[ usieoq
Jaddeus-adinsen|q

_ akabiq

- ysiypaeaq

L peaylowe
ysijeulpiea|sbue

- MS minus

B us

butterfly.forcep.pennant

—oaenCeuLuE My SO

uoiaodoud

B vs

| suod-Boy asseim

L ysyuioomun
ysipiabbin

Aqgol
ysiozerapuya|}

e UsiyuoaBinsBue)

| qesoBuiuwims

L ysile1anbs
laddeus usiyjpinbs

pinbs

| Ja1sqolAuids

fE usiyaipjos

| Ja1sqo|laddys

dwiys

- uesbaas
ysyuoidioas

Jaddeusyuid

| getoa)gged

| usiolied

sndojoo

Aeiow

W Usueustplez)|

| d'ysijyeob

L Wysiieofb
Jaddeus1amo)y

lapunayy

(1GNP

[ pJeuinBiauobe.p

| |99 9eus }ROIYIIND

| |99~ 1abuoo™ysna

L gnyo

sn|Aosep sIoIy2
Jueuuad-dadio) Ale1Ing
qesa'xoq

ysijecq
Jaddeus-aduisaniq

akabiq

ysiyplesq
peaylow.e
ysiyjeuipea|abue

. MS minus

chromis.dascyllus

—aeN@WY MmN O

80



[. MS minus

B wvs

chub

- SuoY mo:.wwwm.__e,

81

ystyjeuiptea~|abue

ysyeuipleajebue

L sH0D'BOoY asSEIM | suooBoyasseim
= cm_uEhww_c: L ysijuoaiun ysjulooun
_>cm_tm n s ysiabBil " ysiy1a6611
) %M ozersyuy 2|} 2 e = aor
- ysi A3 £ §  uswiozerapuyan E YSLJOZEX B 3|
. ysyuoabuns Buey . Q¢ :
B n o L ysyuoabuns-Buel s s ysyuoabins-Buey
- Qm_ mb__.__um. - L gedorBuiuwms et Buwms
wmmkmcw. siyjaunbs mE  UsHiieLnbs me P
e ysiyfaul | Jeddeustysiyjaimnbs | Jaddeus ysyeianbs
_ . | pinbs L pinbs
| 4orsqorAuids | Js1sqjo)'Aulds Jz3sqo| Auds
| uswseipjos § usieIplos ysiaipios
Ja3stosaddis 156
duns ! | ae1sqopeddys Joscofiaddils
: - dwiys duwiys
Hcmmmhw_m | Juesblos # ueablas
i cﬂwco_ _._oum ysyuoidions L Usijuoldioos
Jaddeusyu Jaddeusyuid O | Jaddeusmyjuid
gela m_%_ma _ | qesoajggad Q oesos|qgad
i ,._M_:...E,m % - ysiowed QO L ysi1odled
“ m\nzm,_wwo | | sndojao % | sndeyoo
— AelO
| usuexeuspiez @ ¥ evouspe & epons
I o g usuoeuspIEZ) - - YSiedeus ey
- dusy g c L d'ystjreob « d'ysii1eoB
- Wusijjeo Q Wysy1e0B ) "Ysij1eob
Jaddeus iamo © = e
5 I} _ i Jaddeus iamo)y - Jaddeus samol)
i ._m_uch,__._oc anu Japunoy uw. Japunoy
o
w_.__nwﬁ._:w.“mcomm._u 3 s © B s
o ) o pJeuinbizucbelp puewnf-isucbelp
- [PETBUSIEOIIND |99"8)BUS 1B0IYIIND D — |59 {EUS 011N
- |87 1eBu0d™sNd [e8~19BuUCI HSND __mmJ“mSuJ_mﬂu
nya
. Qmu__muwmn.w_sofu g“uw__hn-mmu.w__.cofu g”uuﬁmm SIS
yueuuad-daoloy Aye1ang -daauoL- o
Qoo L 3ueuusd-daouoy Aa1Ing weuusd-daaioyAe1ng
L gesa'xoq qessxoq
Ysieoq
. L ys|eoq ystjieoq
MMM_%“ adisaniq | Jaddeus adiasen|q Jaddeus-adisan|q
° _.n_umw | okebiq | akabig
- memszmm L ysiypaeaq ysypiesq
- | peaylow.e PESYJOULE

ysi|euipea~|abue

LN A T T ' T [
— MM OWNmT NN - O

uoluodoud



1
: .
v w |
= = I
I
i
©
| —
o
c
| —
3
- [
et
2
S |
S .
o i
| —
= .

—o®N QMY MmN O

51102 Boyasseim

- m_._cu.mcz.wmm.mh?__

51400"Boyas5EIM

ysijuiosiun _ ysiyuIoamun ysijuiooun
ysiya6611 m ysipiaBBLy - ysi1ab6u
Agoy £ _kqoy 2 Agoy
ystHozes-ajiuda| 2 @ ysipiozerajiuyapn € ysiozes sy a|
ysyuosfins-bues ysiyuoabins-buey m cMa ysiyuoasbinsBue)
qedo Buiuwims . B qeso BulLIMS | geJo Buiiwims
ysiyjjeinbs YsyaAnbs [ | | ysiyje4anbs
Jaddeus ysijjpiinbs & ‘eddeusysypunbs | Jaddeus ysijjsiiinbs
pinbs I pinbs | pinbs

Ja1sqoAuids 115q0]Auids | a@1sqorAuids
ysiiaipjos _ ysiBIplos | YsiaIplos
Jgysqoladdis _ Jo1sqoy-Jaddis J@1sqoJaddi|s
dwuys | dunys L dwiys
jueabiss " jueabiss | ueablas
ysiyuoidioas ysyuoidioas | ysiyuoidioos
Jaddeusuid | Jeddeusyud | saddeusHjud
geto ejqged qesaqqad | gesoajggad
ysij1o.ed ysiiouled | ysijaouled
mﬂgoﬁo | sndosoo m_lu sndojoo

elow _ AeJou Kesow

ysyaxeus plez|| m § usueveusprezy .m i usyaeuspiez)
d'ystjieob K~ dusireob 3 d'ysij1eob
E__._m_u_umo.m m Wysyieoh e Wysyeoh
Jaddeus iamol} S g leddeus emoy Jaddeusiamoly
._mvchzo_u_.w _ Japunoyy Japunoy;

o lopjon - I1PonP
pIeunBysuobelp ; F_Mv._::w.“mzommﬁ | plewinbiauobesp
[99"83BUS1BCIYIIND { P3RS RO L |95"93eus 1804Y1IND
[89~43Bu0dySND o8~ 106u0d™5ND | (99~ 1efuooysno
anyo nyo L gnyo

SN||Aosep sSILIoIYD n_mu__\mumm_u.m_c._ofo L snjAasepsiwolyo
euuad-deosoy Ayennc weuuad-dasioy ALe1Ing ueuuad-dadioyAlenng
qelaxoq qesox0q geJaxoq

ysijeoq _ ysiyeo ysijyeoq
Jaddeus-adinsen|q umu%cm.wa_bmm:_n Jaddeus aduisaniq
akabiq _ 0kabiq afabiq

ysijpleaq ysuyp.eaq ysyptesq
pesyloue . pEBYIOWLE peaylowe
ysiyjeuipsea”jabue _ ysyfeuipseojabue _ ystjjeupiea|sbue

T T T T T T T T T T T T
CFHONONT MmN —O L B

uonJodoud

82



B us

flower snapper

s’ Boy asseim
ysiuioaun
ysiysabBbuy

| Agol

ysiiozel ajiuy'an
ysiyuoabuns:buey
geso BuiuwIms

L ysiyjeinbs

L3 Jaddeus ysyjaunbs
| pinbs

J=1sqo|Auds
ysiyeip|os

| JoisqolJaddis

| dwuys

jueafblas
ysijuoidioss
Jaddeusuid

| qetoajqgad

L ysyloued
sndojoo

Aelow

ysyayeus piez)

L d'ysiech

L W'ysijaeoh
Jaddeus iamoly
Japunoly

111g2np

| pJeuinBysuocbelp
| [99°93BUS 1ECIYIIND
198~ 1ebu0a 5N
gnyo

SN||ASSEP SILIOIYD
| yueuuad-daoioy Aieng
| gesoxoq

ysijieoq
Jaddeus-aduysan|q
akabiq

- Usijpie=g
peaylow.e
ysiy|euipies—jabue

. MS minus

—aeMNRnNE MMNSO

B v
. MS minus
[

goatfish.M

—oaeNgQuY NSO

uoiuodoud

s102°6oy asseim
ysyuiooun
ysiy1a6611

Agoy

YSHJOZEN BJIUN'3|1
ysyuoabins Guey
qesd Buiiwims

ysyjj@unbs
Jaddeus ysijjaanbs
pinbs

191500 Auds
ysyJaipjos
121sqo|Jaddys
dwiys
jueabuss
ysiyuoidioos
Jaddeusjuid
qes2°9|qgad
ysiolied
sndojoo
Aejow

ysijaxeus piez||
d'ysiyaech
W'ysiyeoh

Jaddeus iamoyy
Japunoj}

nas=np
pJeuwinB-yauobelp
[89'832us 1204Y33ND
[pa~4abu0d™ysnd
qnya

sn|jAJsep siwoIyd
Jueuuad-daaioyAlia1ang
e1a'x0q

ysijieoq
Jaddeusaduisaniq
akabig

ysiipJeaq
peayloule
ysyjeupsea~|zbue

s1i02'Boy asseam
ysiuiooun
| ysiabibuy
_Agoy
g usilozersjiuyan
ysijuoabins buey
e Buiwims
I ysij||suinbs
- Jaddeus ysiyjaainbs
_ pinbs
J=sqorAuids
§ usiepios
- l=asqoyiadds
_ dwiys
| ueablias
I ysiyuoidioas
Jaddeusyuid
_ gesore|qgad
| usyiodued
shdoyoo
| felow
g usyeusTpaez])
ey 411200
§ Wusyieob
Jaddeusiamoy}
ispunoy
[Penp
B pleuinfriauobe.p
_ |99°@)eus IeoIYIIND
[CERIEGN b
qniyp
I snjfasepsiuoiya
_ 3ueuuad-dadlioyAlsa1Ing
- Qeiox0q
| usiHeoq
| Jaddeus aduisan|g
= akabig
- Usypleaq
- pesyiouue
| usyleupieaTpbue

. MS minus

B v

goatfish.P

83



. MS minus

B vs

lizard.snakefish

— O WM OWwms - O

suod oy asseim
{sijuloaiun
ysiy1ab6uy
Agoy
ysiozersjiuy o
ysiyuoabins Guey
geso Buiwims
ystyjjeLainbs
Jaddeus ysiypainbs
pinbs
131sqo| Auids
Ysijiaip|os
Jasqoyladdis
dwiys
uealbias
ysyuoldioas
Jaddeus-yuid
geJa'a|qgad
ysijio.died
sndojoo
Aejow
Usljaxeus pIezi|
d'ysiech
Wysiy3eob
Jaddeus aamoly
Jspunoly
(l1opanp
pJeuinByauchesp
|99’ 3{BUS 180IYIIND
|9a~1aBuoa ™52
gnya
sn||Aasep siLolyd
Jueuuad-danloy Ala1Ing
gei2'x0q
Ysijieoq
Jaddeus-adiysaniq
akabiq
Usiipiesq
peayJowe
ysiy|eulpsea—jabue

. MS minus

B vs

moray

— 3O W N OWm T MmN - O

uonJodoud

51102'Boy"as58.iM
4s1jut001un
ysisa6613
£qo1
YSHIOZEI B3I}
ysijuoabiins buey
qeso buiwwims
ysijj|auinbs
Jaddeusysyjaianbs
pinbs
1815q0| Auids
Ysisiplos
JR1sqo|sedds
dwuys
weabias
ysiyuo|dioos
Jaddeusjuid
geJog|gged
ysironed
sndojoo
AeJow
ysiaeus pez||
d'ysiieofi
Wysiyreab
Jaddeus iamol]
lapunoy}
2P
piewnBauohelp
|28°9)BUS 180N
129~ 4aBuca™ysN2
qnyo
SN|IA2SEP SIWOIYD
Jueuusd-dasioy AipiEiang
geJarxoq
ysu.eoq
laddeus-adinssn|q
afkabiq
Ysipieaq
peayJouLe
ysyjeuipied~|obue

B wus

octopus

. MS minus

=]

$1102'Boy asseIm
ystuloaiun
ysijeB6u)

Aqol
ysiozel syuy 9|

ysyuoafins-Buey
qeso Buiims
ysij|[gAinbs
Jaddeusysiyjaiinbs

pinbs

1a1sqoyAulds
ysijisipjos
JaysqolJaddis
dwiys

eabiss
ysiuoldioos

Jaddeusyuid

gela's|ggad
ysijyoued

sndolao

Kelow
ysiyeneus'plez)|

d'ysiieob
W'ysireoh
Jaddeusiamoy)

Japunoyy

l'gponp

pJeuinB yauobelp
[05°9)BUS 10JYIIND

[@a~Jabugdysno

qnyo
sh||Aasepsiwoyo
yueuuad dadsoy As1Ing

qeixoq

Ysijeoq
Jaddeus-adinnsanig

akabiq

ysypleaq
PEAYIOWE
ysij|eulpies|abue

84



B vs

parrotfish

- MS minus

suo'Boy asseim
ysyuIoaIun
ysiyab6uy
Aqol
ysiyiozesayuyan
ysiyuoahins Guel
gesoBuluwms
ysiy|jeaanbs
Jaddeusysy|aiinbs
pinbs
Ja3sqo| Auids
ysisaipjos
Jz3sqoysaddys
dwiiys
weabiss
ysyuoidioos
Jaddeusyuid
qelaajqgad
ysioued
sndojoo
Aetow
ysijexeus’ plez||
d'ysyiech
Wysyieob
Jaddeus iamol}
Japunoyy
[gxenp
pJeuinBryaucbelp
|99"B}BUS 1BOIYIIND
|99~ JaBuoaysno
gnyo
SN||A2SEP SIWIOIYD

ueuuad-daolo) Ayle1Ing

geJo°xoq
ysijleoq

Jaddeus aduisan|g
afabiq

ysipiesq
peaiiole
yslyjeupied~|abue

B vs
- MS minus

pebble.crab

[ (I N B i
— O @~ W T ol — O

uonJodoud

sloo Boyasseim
ysijuloaun
ysiy.ahbu)
AQO}
Ys|Iozes ayluy ey
ysyuoabins Buel
geJo Buiwims
ysiy||esnnbs

13800, Auds
ysiaipjos
Ja1sqo| saddys
dwinys
1uesblas
ysiyuoldioos
Jaddeusyuid
gesa'a|ggad
ysijjolsed
sndojoo
Aelow
ysyayeus plez|
d'ystrech
Wysiiieob
Jaddeusiamoly
Japunoyy
(1933anp
pJeuinfiisuobelp
|28"8)EUS IEOIYIIND
|@8"4abuoa™sna
qnya
shjAasep siwoiyo

Jueuuad-daoioy Ape1Ing

gesorxoq
ysijleoq

Jaddeus aduissn|q
akabiq

ysiypeaq
peayJolue
ysiyjeuipiea~jabue

[ ™S minus

B s

pink snapper

sl109"Boy asseIm
ysyuloaiun
ysiya661
Aqoy
YS|H0ZBIBJIW 9)1}
ysiuoafins Buey
qeJo Buiwims
ustyl|auinbs

B Jaddeus ysyja.uinbs

pinbs

| 1=1sqol Auids
| YSiHeIp(os

| Ja3sqorJaddys
| dwuys

| Jueafuss

| ysyuoidioas
Jaddeusud
qeso's|qqad
L ysiioded
sndo1oo
AeJow

B UsusreuspIez|

d'ysyreoh
Wystieof

Jaddeus iamoyy
Japunoyy

lhgonp
psewnf1auofe.p
[parexBuS 180N
|99 1aBu0I SN2
qnya
L snjkasepsiwoiy

| qesoxoq
| ysipeoq

| Jsddeus-aduisaniq
| aAabiq

| Ystipleaq

L peaylow.e

L ysiyjeupiea|abue

— OO NOWmSTE NN - O

| ueuuad-deddoy Aj4513N

S

.

85



s1100"Boy asseim

. suodBoy-asseim

B vs

B MS minus

2 ysiulooun m ysyulooun
m | usysabbun = | usiaBBLy
" o _ Agol cMa cMg _ Aqoy
s = | usuiozerapuyap - YSIIOZEI DYWD|N)
B _ ysiyugabins:buey [ I i§ usiyuosbuns buey
| qesoBuiwims qeso Builiwims
usi|einbs usty|je4anbs
Jaddeusysyjaiinbs Jaddeusysijaunbs
r pinbs I pinbs
| 493590 Auids _ I93sqoyAuids
- Ysipaiples g usyeipos
Jeasoolseddis - 183sqofJaddis
duanys . dwiys
ueeDoe ey ueaBios
ysiuoldioos _ ysyuoldioas
b Jaddeusyjuid - b Jaddeusuid nmu.
= _ qesgpgqed [ I gesoraqged —
w q 199 -
= | usyioned o [ usipoued =
C n sndo1o0 O sndaioo n
S y o |
= | fesow ,nlu AeJow
b | usueeuspiez) ] | ysaeus'piez)|
w - d'ysiaeob - d'ysyrecd
7] - Wysijeob - Wysiyreod
Jaddeus 1emoy I Jaddeus-iamoly
J2punoyy L. Japunoj}
L jepanp lpanp
- pdeuinf-yauohelp | paeuInGiauoBesp
- |[e@'eRusTIE0IYIND . |s@'@eus IBoIyIINd
|ea"4ahuoa3sN2 . |99~ Jabuoa™ysno
qnye - gnya
SN||AosEp SIWIoIYD | SNIAIsep siwoiyd
- ueuusd-deadoyAplaiing | ueuusd-desioyA|paring
| gesxoq _ gedI7%0q
ysijieoq | usiecq
Jaddeus-adinsanq Jaddeus'adiisan|q
5 akabig i akabiq
ysiypeaq | usispieeq
- peayiowse { peayiowle
| — — _ ysyjeuipsed|abue b ysiyeuip.es|abue _
AN @UT MmN SO PN

R R B

uoljodoud

suoBoyrasseim
ysiyuloaun
ysiabB13
Agoy
Usijiozesrajiu all
ysyuoabins-buey
geJo BuluWImS
ysyjjainbs
Jaddeusysyyeinnbs
pinbs
Jarsqo|'Auids
YsijaIp|os
J21sqo| Jeddys
dwuys
jueabias
ysiyuolcioas
Jaddeusyuid
el aqgad
ysi1odied
sndojoo
Aelow
ysiyaxeuspiez|
d'usyyeol
Wysyeoh
Joddeus iamoyy
iapunoy
(GNP
puewinf-iauobelp
|28 @) eus eoiyiing
[@a~Jabuoo™ysn2
gnyo
sn||Aasep siuo.yd
1ueuuad-dadioy A La1ing
qeJaxoq
ysipeoq
Jaddeusaduisan|y
akabig
ysyp.ieaq
pesyJowe
ysiyjeuipiea|abue

—oaeNLOe;MNY MmN SO

86



slipper.lobster

B vs

. MS minus

_

—@aeNenY NSO

suo2'Boyasseim
ysijuioamun
Ys}4966uy
Agos
USII0ZEI LY '3]1}
ysiyuoabins-Buey
qesy Buims
ysy|punbs
Jaddeus-ysiyanbs
pinbs
191500|" Aulds
ysijaipjos
ls1sqo)4addys
dwiiys
jueablas
ysipuoidioos
Jaddeusyuid
qetog|qaad
ysiyroaied
sndolao
Aelow
ysijaveus piez||
d'ysyeoh
Wystyyeob
laddeus iamo)y
Japuroy}
lopRnp
pieuinByauobelp
[99"3)BUS IBOIYIIND
|99 ~JaBU02 ™ 5N2
gnyo
sh||AJsep siwolya
Jueuuad-daoioy Aue1ing
ge.o'xoq
ysijleoq
Jaddeusadinsaniq
akabig
ysypJeaq
peaylowle

L ysiyleupiea|abue

soldierfish

B vs

. MS minus

uoiodoud

T @a@N @Y MmN SO

s1102' 6oy a5584M
YS1jus0aiun
ysiysabbiy
Aqo1
YSHIOZEI 9L "3}
ysijuoabins buel
qe.o Buiiwims
ysiy|euinbs
Jaddeus ysiyjaiinbs
pinbs
J2asqolAuds
Ysijalpios
JRysqo| Jeddys
dwiiys
Wweabias
ysiyuo|dioos
Jaddeusjuid
qes2'ajgged
ysyroned
sndojao
Apiow
ysyarjeus piez||
d'ysiieoh
Wysiyreof
Jaddeus Jamold
Japunoyy
llipanp
plewnbjaucbeip
|99"9)EUs 1B0IY}IND
|99~ 1abuoa SN2
anys
sh|jAasepsiwolyd
1ueuuad- dasioy Apaning
gelxog
ysu.eoq
Jaddeus-aduysanig
akabig
ysiypleaq
pesyioLue
ysijjeuipiesT|abue

spiny.lobster

B vs

. MS minus

s1102' 6oy asseim
YsiyuI091Un
ysiabB1y
Aqo1
YSIOZEI BHIUY"D]11
ysijuoafiuns buey
qeJo Buiwuwims
ysiyjja1nbs
Jaddeusysiyja1iinbs
pinbs
1915901 Aulds
YsijsIplos
JR1sqo|sedds
dwuys
weabias
ysyyuoidioas
Jaddeusjuid
qesa'9|qgad
ysi1c.aied
sndoao
AeJOW
ysyavjeus piez||
d'ysyeofi
Wysiyeoh
laddeus iamol]
Japunoyy
11g2np
piewinBauchelp
[98°3)BUS 1B0LIIND
|39 4aBuoaysna
gnya
shjAasepsiwolya
1ueuuad-dasioy Apia1ing
geJa"xoqg
Ysi-leoq
laddeus-adinisanig
akabig
ysiypiesq
pesyioLule
ysijjeulpieaT|abue

Cro@N@nYT My SO

87



[. MS minus

B vs

squid

51102 6Oy 9SSEIM
ysyuJoomun
ysiyabbin
Agol
ysiiozerapuya|n
ysiyuoabinsbuey
qeJo Buiwwims
ysi|jpuinbs
Jaddeusysiyp.iinbs
pinbs
JasqorAuids
ysiyIalp|os
Jz3sqo|Jaddys
dwiiys
jueabiss
ysiuoidioas
Jaddeusyud
qesaa|qqad
ysiy10.ed
sndojao
AeloLu
ysijaxeuspJezy
d'ysiyieob
Wysiyreot
laddeusiomol)
Japunoy)
AP
pJewinBiaucBelp
[98'BUS )BOIYIIND
|99~ Jabuod"ysn2
gny
SN||AISeR SILIOIYD
Jueuuad-dasioy AlJie1ang
geJaxoq
ysipieoq
Jaddeus-aduisan|g
akablg
ysijpleaq
peayJowe
ysijjeupseo|abue

[. MS minus

B vs

Ifish.snapper

squirre

s1102°BoY asseIM
ysyulooiun
ysiebBLy
Aqoy
YsioZe U 31}
ysyuoabuns'Buel
qesd Buiiwims
ysyjpnbs
Jaddeus ysijjaliinbs
pinbs
J91sqol Auids
YysyJelpjos
Je1sqolJaddys
dwinys
juesbuas
ysyuoidioas
Jaddeusuid
qeJoa|qgad
ysyjoued
sndojoo
Relol
ysijoxeus plez)|
d'ysyieol
W'ysi41e0h
laddeusiamo)y
Japunoyy
lnax2np
pJeusnBrysuobesp
|98 8)BUS 1RO IIND
[pa~4abuoa™ysn2
qnya
sn||A2sep siwolyd
wueuuad-daoioyA|pe1ing
B12"X0q
ysijieoq
Jaddeus-aduisan|q
akablg
ysijpieaq
peayJouwe
ysyjeupiea~|sbue

Ifish

squirre

MS minus

suu02'Boyasseim
ysijLUiooiun
ysipaBBiy
Aqoy
Ysiozesajiwy 3y
ysyuoshins:Buey
et Buiums
ysiy|punbs
Jaddeus ysyja.unbs
pinbs
Je1sqol Auids
ysioIpjos
Js3sgo|Jaddis
dwiys
ueabuas
ysiyuordioas
Jaddeusyjuid
geJo's|qqad
ysijoaed
sndojao
Aelow
ysyaxeus plez||
d'ysiyreod
IW'ysiyreoB
Jaddeus iemoyy
Japunoj}
1g>3np
pleuinBysucbelp
[93°9)BUS IBOYIIND
[pa4abuoa™ysn2
anyoa
sN||A3Sep' sy
yueuuad-dadioy A|pa1Ing
geda'xoq
ysieoq
Jaddeus aduyssn|q
akabiq
ysipleaq
pesyJoue
ysijeuipiea~jebue

88

—O O~ OWLWT NN~ O —@ N0 Y MmN O

— O WM~ e T MmN - O

uoiodoud



ing.crab

swimming

MS minus

roehEMIT NN O

51100°60Y"as584M
ysiyuioomun
Ysiab61
Aoy
YSHIOZeI DY '3|1}
ysyuoabins Buey
qeJo Buiuwims
ysiy|auinbs
Jaddeus ysyasinbs
pinbs
1915q0| Aulds
ysiylaip|os
I:sqoliaddis
dwuys
Jueablas
ysyuoidioos
Jaddeusyud
qe.o'9|qgad
ystijyo.led
sndojoo
AeJow
Ysyaxeus-piezi|
d'usijreoh
Wystjreoh
Jaddeus-jamoly
Japunoyy
Inepanp
pieuinbisuobelp
|98"94eus JE0IYIINT
[@a"1abuoa™ysna
qnyd
sn||Aasep siwolyd
Jueuusd-dadto) AlJeNNg
qeJa'xoq
ysiyleoq
Jaddeus adinsan|q
akabig
ysijpleaq
pesyJiow.e
ysijeuipesT|abue

tang.surgeonfish

MS minus

| suo2'Boyasseim
ysiuioaun
Ysiy1a66u3

Agoy

ysiozes auy oy

ysyuoabins Buey

| geso Buliwims

L ysiysnbs
Jaddeus'ysyjaiinbs

pinbs

1915q0|' Auids
ysipaipjos
193sqoliaddis

| dwys

| jueabios

| ysyyuoidioas

Jaddeusuid

qelos|qgad
ysiyroied

sndojoo

Aeiow
ysyaxeus:plez||

| d'ysiieoh

L W ysieof

| saddeus iamoyy

Jspunoyy

nepanp

pJeuinbyauobesp

(98 'a)eus 1e0Iy1INd

| |997486U0I TSN

L gnyo

| sn|ifasep siwoiyd

geJd'x0q
ysijieoq
Jaddeus adinsan|q
afabig

ysijpiesq

| peayiow.e

| ysijeuipseo|abue

—oaeN@enYT N O

uoiuodoud

| jueuuad-dadlo) Ajle3ing

tile.knife.razorfish

%)
=

IR A

MS minus

suoo-Boyasseim
ysiulooun
ysij4a6610
Agol
Ysiyiozesajiuya|i3
ysyuosbins Buel
e Buuwms
ysyjjainbs
Jaddeus ysyyjauinbs
pinbs
Jansqol Auids
YsiaIp|os
1s3sqo|ieddis
dwiys
jueabias
ysiuoicioas
Jsaddeusyuid
qelo'aqgad
ysiro.led
sndojoo
Aelow
ysiaeuspaez|
d'ysiyieob
W'ysiyreob
Jaddeussamoly
13punoyy
leanp
plewnbisuobelp
[9a9)BUS 1 ROIYIIND
[@8~JabLoa™|sN2
qnyp
5N||A3SEP SILIoIYD
Jueuuad-dadsoy AHa3INg
gelaxoq
ysieoq
Jaddeus-aduisenig
akabiq
ysyp.esq
peayioule
ysiyjeuipseagbue

&9



toby

%)
=

—aenNQn T MmN S

MS minus

sL03'Boyasseim
ys14uooiun
ystpab61)
Agol
L ysiozerapuy o)
| ysuuoabins Bue
L geso Buiwwims
L ysy|jgidinbs
| Jaddeus ysyjauinbs
pinbs
| Ja1sqo)Auids
ysiyiaipjos
| J93sqolsaddys
| dwiys
| Jueoblias
| ysyuoidioos
| Jaddeusyuid
| geJaggged
| ysipoded
| sndojao
AeJow
ysiyaeus-piez||
d'ysiy1eoh
Wusiyreoh
Jaddeus iamoyy
Jlapunoyy
'gxanp
plewinfyauofBelp
(98" 2)BUS IEOIYIIND
[g8~1aBU03 TS0
gnyp
sN||Aasep sIWoIya
L ueuuad-daoio)Alya1ing
| gesaxoq
L ysiHeoq
| Jaddeus adiuisan|q
| akabig
| ysyplesq
| peaylow.e
ysiyjeuip.ea~abue

o

triggerfish

W
=

MS minus

| sli02°Boy-asseim
L ysyulooiun
ysiabBuy

| Aqo1
Ysi0zZer a)Iuy 8|1}
ysiyuoabins buel
geJo Buiwwims
ysijj|asinbs
Jaddeus ysiyarinbs
pinbs

i JaysqoAuids
YstsIp|os
Jansqoliadd)s

| dwuys

| juesbies

. ysiuoidioas

| Jaddeus yuid

| gqeda'9)qqed

| usijrosed

- sndojoo

L Aedow

L ysysyeus'plezi|
d'ysieab

- W'ysyeof
Jaddeus iamo)}
Japunoj}

liprnp
plewint-isucbesp
|99 3)BUS JEOIYIIND
|#9 " 4abuoa™sNo
gnyo

sn)Aasep siwouyo

| geso xoq

L ysieoq

| Jsaddeus aduisaniq
L akabig

- ysypaeaq

| peaylow.e

L ysyjeuiptes~ebue

— O O~ O WmET N —O

uonJodoud

wueuuad daoioy A|81Ing

fish

unicorn

%2}
=

MS minus

. sloo'Boy asseim
ysiulooiun
ysipabitLy
| Aqoy
YSIHOZE 841U 3|]}
ysijuoabins Buey
et Buiwims
ysujjadunbs
Jaddeus-ysiyjziinbs
pinbs
| J935qo)'Aulds
| uswseipjos
131sqouadd)s
- dwuys
- eabuss
_ ysiyuoldioas
_ Jaddeusyud
_ gesoajqged
| usyioied
- sndoyoo
_ Aelow
. ysiyadeusplez||
d'ysiyreob
| Wysieob
Jaddeus iemoly
lapunoj}
1a2np
pleuinf-yaucbelp
(99" 9MBUS JBOULIIND
|98~ ebuoa™ysn2
i angp
sn|iAasep-siwolyd
Jueuuad-dasioy Aju81Inq
. qelawog
. ysilleoq
. Jaddeus aduisaniq
. 9Aabig
- ysiypJeaq
. pesyloune
. ysijjeupseaT|abue

— O WO~ OWmT N = O

90



1
. .
8 WFESSG.hOQ.COTIS
c 710 ms
(o]
£ .67 0 Msminus
8 7
o 4]
|
o 3 7
2 -
1 A
- - - - - = [l = —
0 @ o 1%} =] >
- = (U g = R} T T o= 5 o > o = = o = 2 N
5 E2 88 FE8288 58825838 Cc 285855858258 82¢2
iy U = . © i A= = = ] 5 & 2
“__“:t’m‘ltqciu!-lmcucﬂ-‘n‘ﬂ“_oo“ﬂqQ—:“Lm‘t‘”mﬂu_oc;;utco
@ = Fm ® % C o Tx53S I fE S5 LLEBbY @220 o2 o= - gt @ = 9
c o @ o w© o P =y = C .2 ="y = O o m o o
SES w8388 2Eo°S5EEE °583%8837333 £EESR 3882
[ = ] a© o 2y s S o6 T8 x5 50 2 S EE 222
g © = o 9 9k < x 5 2 £ O et cgEZE= 5 5
9 b= S g J8s = = oo Z a E“”%cﬁu‘y @
o = o [=} © = = = in
3 i S5 TEy & 3§ : S 732t g
& 3 26 “3® 5 S o 5
° = 5 o o =]
] 3
e
3
o

Figure 38.--Each of the 40 plots represents the results of a designated prey species grouping (as labelled)

that was modeled on all other prey groupings and itself, and the QFASA

estimates of the proportion of

each prey grouping estimated as that designated prey. For each designated prey group, the individuals
sampled were randomly split into two groups of equal sample size: a simulation group and a modeling
group. An average of the simulation group was then modeled in QFASA on the modeling group and all
other 39 prey species groups. This process of splitting and modeling was repeated 1000 times. Bars
represent means of 1000 runs, and vertical lines represent standard errors (generally too small to see).
Each 1000-run modeling series was done with both the MS and MS minus FA set (see Appendix C). The
prey group label on each plot is the designated prey group that was modeled and the arrow points to the

bar representing the proportion of itself estimated in the QFASA model.

The results illustrated in Figure 38 demonstrate a high overall ability of correctly estimating prey
groups in the QFASA model at an average of 78% correctly estimated overall, or > 81% average
for all prey groups, after removing three especially problematic groups (beardfish, bluestripe
snapper, and chromis.dascyllus). Thus, in general, the model performs well on the 40 prey
groups, many times exceedingly well, with some notable exceptions. Prey groups identified and
estimated at 90-100% included armorhead, butterfly.forcep.pennant, lizard.snakefish, moray,
octopus, parrotfish, shrimp, spiny.lobster, squid, tang.surgeonfish, toby, triggerfish, and
unicornfish. Prey groups identified and estimated at 80-90% included bigeye, chub, flounder,
slipper.lobster, soldierfish, squirrelfish.snapper, wrasse.hog.coris, and duckbill. By far the
poorest estimated were beardfish (34%), followed by bluestripe snapper (43%), and
chromis.dascyllus (50%). Pebble.crab was next poorest at 60%, but was almost entirely mistaken
with slipper and spiny lobster and some shrimp, thus can to some extent simply be interpreted as
crustacean. Four other prey groups (angel cardinalfish, cusk conger eel, goatfish.P, and
squirrelfish) were estimated at 64-67%, and the remainder were estimated at > 70-80% (boarfish,
box.crab, cutthroat.snake.eel, dragonet.gurnard, flower.snapper, goatfish.M, pink.snapper,
scorpionfish, sergeant, swimming.crab, tile.knife.razorfish). While the success rate of estimating
species groups overall is fairly good, in all cases, these analyses permit the identification of

which species groups may be more similar and thus might overlap

91

somewhat in diet estimates,



and thus allow some interpretation of modeling results for actual monk seals. These analyses also
provide some confidence in the reliability of groupings created to reduce prey species numbers in
modeling.

One interesting finding from this series of modeling was that all three deepwater snappers
(flower, pink and squirrelfish snappers) were well estimated and did not appear to ever be
mistaken for the single shallow-water snapper (bluestripe snapper), while the bluestripe snapper,
although poorly estimated, was rarely mistaken for any of the three deepwater snappers.
Therefore, we returned to the original discriminant analysis of the carnivore/piscivore cluster
(Fig. 12), and identified where these four species were located within the scatterplot distribution.
The separation of these two groups of snappers (Fig. 39), suggests some confidence in non-
overlap of deep and shallow-water snappers in both discriminant and QFASA analyses.
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Canonical Discriminant Functions

1 = Angelfish & Cardinalfish
3 = Beardfish
= Bigeye
5=Cusk & Conger eels
= Butterflyfish, Forcepfish &
Pennantfish
8 = Sergeant
= Damselfish
= Dragonet, Helmet gurnard
= Goatfish (Mulloidichthys spp)
12 = Goatfish (Parupeneus spp)
= Lefteye flounder
= Lizardfish & Snakefish
15 = Moray eel
= Pufferfish
19 = Scorpionfish
20 = Squirrelfish snapper
21 = Bluestripe snapper
22 = Pink snapper
= Flower snapper
24 = Bigscale soldierfish
) / = Hawaiian squirrelfish
o By 28 =tilefish, knifefish, & peacock
wrasse
5 39 = Boarfish
= Duckbill
T T I I T T

75 50 25 0.0 25 50 [l = Group Centroid

Function 2
T

2

Function 1

Figure 39.--Scatter plot of the discriminant analysis on the benthic carnivore and piscivore cluster
yielding a cross-validated classification success of 66% (see Fig. 12). Circle 1 encompasses the
distribution and group centroid for the single shallow-water snapper (no. 21, bluestripe snapper). Circle 2
encompasses the distribution and group centroids for all three deepwater snappers (no. 23, flower
snapper, no. 22, pink snapper, and no. 20, squirrelfish snapper).
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V. EVALUATION OF FA SUBSETS AND CALIBRATION COEFFICIENTS (CCs)
IN MODELING DIETS OF FREE-RANGING MONK SEALS USING QFASA

We used this backdrop of the previous and extensive analyses of the NWHI and MHI prey
database, to then use QFASA to model the diets of all free-ranging monk seals sampled and
analyzed to date (n = 248, Table 1) and to interpret these estimates in light of our prey analyses.
Here we first evaluate the effect of FA subsets and calibration coefficients (CCs) in model
outputs. The CCs used in the QFASA model were derived from the captive monk seal study at
SeaWorld as described previously (Section I and Iverson et al., 2010). The variations in these
CCs among and within individuals are illustrated in Fig. 40.
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Figure 40.--Individual calibration coefficients (CCs) calculated for each monk seal using several different
groupings of herring lots fed (“1”” and “2”’) at SeaWorld San Antonio, and illustrating the very tight
grouping for most FAs. The name of the seal with -i or -f represents the CC for the seal at the beginning
(i) of the experiment after a long-term (>> year) diet of Atlantic herring or at the end (f) of the experiment
for the control seals whose diets were not switched during feeding trials.

As described previously, the data for all monk seals and prey in both captive experiments and the
wild were carefully evaluated for FAs that were either consistently close to zero in one or both
data sets or for those which had highly variable CCs. From this, the subset of FAs was chosen,
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which almost exactly matched the modified 1 and 2 extended sets described in the most reliable
simulation exercises, but removed any that might be problematic in this ecosystem (see “Prey
modeled on other prey” and Appendix C). The monk seal CCs for these FAs were compared
with other seal data sets (Fig. 41).
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Figure 41.--Final monk seal calibration coefficients (CCs) for non-zero FAs in comparison to those
calculated in other studies for grey (adult and pup), harp, and harbour seals and Steller sea lions (SSL)
(data from Iverson et al., 2004; S. Iverson, D. Tollit and C. Nordstrom, unpublished data). The only true
outlier CC for monk seals was that for 22:4n-6. This FA was measured at quite low levels in the captive
study due to a diet of Atlantic herring. However, 22:4n-6 is an abundant dietary FA in the NWHI. Thus,
we used several CC values for this FA in modeling the diets of monk seals. Based on a series of analyses
of both seals and herring lots, it was concluded that the Monk “1”” CCs would be the most reliable as
those herring lots fed were most accurately characterized.

As stated above, the FA sets chosen for modeling are listed in detail in Appendix C; however, for
ease of the reader, are summarized below in Table 21. Three variations of CCs were also used in
modeling: the direct set described in Figure 41 (“direct”), that with the CC adjusted for 22:4n-6
(“CC 22.4”, see Table 21), and finally, with adjustments to CCs for any original FA zero values
set to 0.0001 before calculating the CCs (“zerosubCC”).
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Table 21.--FA sets used in QFASA modeling of monk seal diets (see also Appendix C). The
“MS” set used the full list; the “MS minus” set omitted those highlighted in yellow. The FA
highlighted in red and the box, was also modeled using two different CCs: that calculated from
the monk seal captive study (at 8.0) and that calculated from an average of all phocid seal studies
(at 2.0). (Note: FAs named as, e.g., 22:4w6 are interchangeable with, e.g., 22:4n-6.)

cl4.0
cl6.0
cl6.1w7
cl6.2w4
cl6.3wb
cl6.3w4
c18.0
cl8.1w9
cl8.1w7
c18.1w5
c18.2w6
cl8.2w4
cl8.3w6
c18.3w4
c18.3w3
cl8.3wl
c18.4w3
c20.1wl1l
c20.1w9
c20.1w7
c20.2w6
c20.3w6
c20.4wé
c20.3w3
c20.4w3
c20.5w3
c22.1wl1l
c22.1w9
c22.1w7
c21.5w3
try with MS CC and also with a CC of 2.0

c22.5w6
c22.4w3
c22.5w3
c22.6w3

To test the effects of FA set and CC set on diet estimations, the monk seals were then modeled in
QFASA with the following trials:

1) the MS FA set and direct CCs (“directCC MS”),

2) the MS FA set and adjusting the CC for 22:4n-6 to the average for all seal studies at 2.0
(“direct CC 22.47),

3) the MS FA set and adjustments to CCs for any zero values set to 0.0001 (“zerosubCC MS”),
4) the MS FA set and adjusting the CC for 22:4n-6 to the average for all seal studies and using
monk seal CCs with adjustments to CCs for any zero values set to 0.0001 (“zerosubCC 22.4”),
5) the MS minus FA set and direct CCs (“directCCminus”),

6) the MS minus FA set and adjustment to 22:4n-6 (“directCCminus 22.4”),

7) the MS minus FA set and adjustments to CCs for any zero values (“zerosubCCminus”), and
8) the MS minus FA set and adjustments to CCs for any zero values with adjustment to 22:4n-6
(“zerosubCCminus 22.4”)
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Figure 42 illustrates the estimated distribution of diet in all seals across all 40 prey groupings
using the eight variations in model parameter (FA and CC set) used, as described above. Perhaps
surprisingly, there was little difference in diet estimates for any of the model inputs that varied
the FA or CC set used. At the very most, there was occasional trace appearance and
disappearance of minor prey, and with means of major prey varying only slightly. Given that the
results were all comparable, and that we had no apriori reason to choose one model output over
another, we averaged across all eight models for each individual seal.

The direct output of the QFASA model is the relative contribution of prey FA signatures to the
overall signature of the predator. In order to translate those proportions into relative contribution
to diet, the estimated signature contribution from prey must be corrected to account for
differences in fat content (and thus FA contribution) among prey types. All else being equal,
species with a higher fat content will contribute proportionately more to the predator signature
than those with a lower fat content. However, given that we know the fat content of each prey
(see Appendix B), it is straightforward to translate the estimated signature contribution to the
proportion of each prey type eaten. The QFASA model now has incorporated a direct “diet”
output, which automatically accounts for variation in prey fat content. However, an interesting
note is that while most prey in the NWHI tend to be relatively low in fat, the amorhead stands
out at a remarkable ~ 25% fat. Thus, as illustrated in Figure 43, although the diet estimate for
this prey is very low (< 1% of diet), because of its very high fat content, this low intake is
estimated to contribute to > 6% of monk seal fat stores overall.

It should be noted that for each individual seal, the QFASA model derives an estimate for the
proportion of a given prey in its diet, a standard error for the estimate of that prey, and a lower
and upper confidence limit for the estimate of that prey — for each prey grouping within each
individual seal. These are contained in fairly large spreadsheets and are available upon request.
For the purposes of this report, we focus on summarizing the current overall diet estimates.
Nevertheless, Figure 44 illustrates the average upper confidence limits of each prey estimated
among individuals.
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VI. ESTIMATES OF MONK SEAL DIETS IN THE NWHI AND MHI
USING QFASA

Diet Estimates of Individual Monk Seals

For each individual monk seal sampled (Table 1), diets were estimated using the procedures
specified above (Section V). Some seals were sampled more than once during the course of this
study and provide insight into both individual variability and consistency (Fig. 45).
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Figure 45.--Proportions of prey estimated in diets of repeat-sampled monk seals. The legend refers to the

age-class the animal was classified as, followed by the month.year of sampling.
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Individual diets comprised of a mixture of species and in general, although somewhat variable,
diets tended to be similar within individuals but differed among individuals. The largest
differences that were found within an individual were particularly when a seal was sampled as a
juvenile and then later as a subadult (Fig. 45).

Overall Diet Estimates by Demographic Group and Location

Across all locations sampled in the NWHI and MHI, monk seal diets were estimated to be
comprised of a mixture of species, the most abundant of which were boarfish, duckbill, box.crab,
flower snapper, shrimp, squid, squirrelfish snapper, and tang.surgeonfish. However, estimates
varied widely among age groups, with adults and subadults estimated to consume higher levels
of boarfish, box.crab, duckbill, squid and tang.surgeonfish, in contrast to juveniles who were
estimated to consume much lower levels of some of these prey and higher levels of flower
snapper, parrotfish and squirrelfish snapper (Fig. 46). When further subdivided by sex within
age-class, differences between adults and juveniles remained apparent, but also suggested
differences in diets of adult males and females (Fig. 47). These results were consistent with
previous findings of qualitative differences in diets among demographic groups from
discriminant analyses (Figs. 5, 6).
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Figure 46.--Proportions of prey estimated in the diets of monk seals across all regions. Bars are means
and vertical lines are 1 standard error.
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Overall Average Diet Estimates for all Seals in
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Figure 47.--Proportion of prey estimated in the diets of monk seals across all regions. Bars are means and
vertical lines are 1 standard error.

Averaged across all monk seals sampled in all regions, diets of adults were dominated in almost
equal amounts by boarfish, duckbill, flower snapper, squid, squirrelfish snapper and
tang.surgeonfish. In contrast, juvenile diets were estimated to be heavily dominated by the two
deepwater snappers (flower and squirrelfish snappers); more minor inputs were apparent from
boardfish, duckbill, squid, and tang, surgeonfish (Fig. 47).

Within each region of the NWHI, diets as a whole varied, as illustrated in Figure 48. Although
the same prey groups appeared to be abundant across regions, their absolute levels varied by
region, consistent with previous discriminant analyses (Fig. 8). When the diets of monk seals
sampled in the NWHI were compared to those sampled in the MHI, several differences appeared
(Fig. 49). Moving from westernmost to easternmost (MHI), the proportion of boarfish, duckbill,
squid and squirrelfish snapper became steadily reduced (especially in the MHI), while the
proportions of flower snapper and tang.surgeonfish steadily increased (Fig. 49).
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Diet Estimates across the NWHI
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Figure 48.--Proportion of prey estimated in the diets of monk seals within each region of the NWHI. Bars

are means and vertical lines are 1 standard error.
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4 Diet Estimates across the NWHI and MHI
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Figure 49.--Proportion of prey estimated in the diets of monk seals across major areas of the NWHI and
in the MHI. Bars are means and vertical lines are 1 standard error.

Given that relatively few monk seals were sampled in the MHI, we just examined the differences
in diets by age and sex class within the major regions (see Fig. 7) of the NWHI (Fig. 50). While
a large degree of variability in diets was estimated across regions and among demographic
groups, diets of juveniles were still dominated by the two deepwater snappers, with varying
contribution from an array of other prey. Diets of adults and subadults remained characterized by
a relatively consistent array of prey, although results suggest a large degree of individual
variation (Fig. 50).
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67 Diet Estimates by Age-Class & Sex
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Figure 50.--Proportion of prey estimated in the diets of monk seals across major areas of the NWHI (see
Fig. 7) separated by age-class and sex; only species consistently identified in diets are included. See Table

1 for individual sample sizes of demographic groups. Bars are means and vertical lines are 1 standard
error.

Finally, although the preceding plots suggest some consistency in the identification and
estimation of prey important to monk seals and age-classes on average, indeed few single seals
possessed the “average diet”. To provide a sense of this variation, Table 22 presents the
maximum value for each prey group estimated in an individual seal within the NWHI. For
example, while armorhead was estimated to comprise only a small fraction of diet (0.9%) on
average, it occurred as high as 27% in one adult and 11% in a juvenile. Likewise, box.crab
appeared consistently across groups and regions in relatively minor proportions (2.1%), but was
found as high as 26-55% of an individual’s diet. The deepwater snappers made up almost 100%
of several individuals’ diets. Octopus and squid appeared as high as 11% and 65% of the diet in
an individual, respectively although they averaged 0.1% and 11% overall, respectively. Several
species did not contribute significantly to estimated diets, including cusk conger eels, goatfish,
lobsters and wrasses.
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Table 22.--The maximum portion of each prey group in the NWHI to be estimated in an

individual monk seal within demographic groups.

Prey Group Average across all seals Max-adult Max-subadult Max-Juvenile
angel cardinalfish 0.1 3.1 8.4 3.6
armorhead 0.9 26.6 4.6 10.6
beardfish

bigeye

bluestripe.snapper

boarfish 11.7 77.2 65.7 55.1
box.crab 2.1 54.8 44.6 26.1
butterfly.forcep.pennant 0.2 11.5 1.4 4.5
chromis.dascyllus 0.1 0.3 4.5 9.4
chub

cusk conger eel

cutthroat.snake.eel 0.3 18.9
dragonet.gurnard 0.4 17.0 12.7 8.6
duckbill 8.8 81.4 453 50.5
flounder 0.5 3.9 24.3 35.5
flower.snapper 23.3 76.9 80.8 98.6
goatfish.M 0.0 5.1

goatfish.P

lizard.snakefish 0.0 0.1

moray 0.2 1.6 4.8 16.1
octopus 0.1 11.1 5.9
parrotfish 0.7 8.0 2.8 45.1
pebble.crab 0.4 1.7 47.4 12.7
pink.snapper 0.4 89.1 34
scorpionfish

sergeant 0.7 1.4 11.9 27.7
shrimp 1.7 27.7 17.9 48.3
slipper.lobster

soldierfish 0.5 6.0 26.3 22.2
spiny.lobster

squid 11.0 65.3 342 42.6
squirrelfish.snapper 28.9 92.6 93.7 99.9
squirrellfish 0.1 1.4 5.7 0.7
swimming.crab

tang.surgeonfish 6.4 83.2 45.0 58.1
tile.knife.razorfish

toby 0.1 1.6 10.4
triggerfish

unicornfish 0.5 1.3 9.9

wrasse.hog.coris
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VIlI. CONCLUSIONS AND SUMMARY

Our aim has been to determine whether aspects of monk seal foraging could be inferred
qualitatively using FA signatures of blubber stores and whether monk seal diets could be
estimated using QFASA. Without question, the former has been confirmed both through captive
study and application to free-ranging animals (Figs. 1, 2, 5, 6, 8). QFASA was originally
developed to allow the quantitative estimation of predator diets, integrated over time, from the
FA signatures of their lipid stores and a comprehensive prey database. The performance of
QFASA has been validated in a number of predator species, as discussed previously. While
monk seals appear to be similar to other seals (and mammals in general), in terms of how they
metabolize and deposit FAs (e.g., Figs. 1, 2, 40, 41), the ecosystem within which they live
presents extremely difficult issues for QFASA, arising from the fact that the number of potential
prey species is huge, in the order of some 200, many of which share similar habitat and feeding
ecology with one another, which will thus result in some similar FA signatures among closely
tied diet guilds. In addition, the QFASA model cannot deal with these large numbers, both from
a computational standpoint and from the issue of modeling on many more species than FAs.
Thus, there was no option, but to reduce the overall number of prey for modeling, by grouping
species into supertaxa. After a number of tests of grouping procedures, we concluded on the one
we have employed in this current series of analyses. From both discriminat analyses, and
especially the comprehensive simulation studies, results suggest that our groups are not only
ecologically meaningful, but are generally performing well.

In terms of distinguishing prey groupings from all other 40 prey groupings in the simulated diets,
in most cases the major prey species in the specified diets were identified and many times
estimated at their specified levels fairly well. This is encouraging, given the huge complexity of
this prey database and ecosystem. If, in the modeling of actual monk seal diets, the model
performs as well or better than in simulations, then it would mean that QFASA is, overall,
detecting the major prey that monk seals are utilizing. However, although analyses such as those
depicted in Figures 35 and 36, provide overall confidence in identifying prey rather well, one has
to be very aware, in this ecosystem — which is pushing the very limits of QFASA, of several
important issues that remain: 1) that of overlap in some problematic species, as well as 2) noise
in terms of false positives. The second issue may be easier to deal with. As illustrated by the
simulation graphs in general, species that appear in actual diet estimates at very low or trace
levels may have to be taken with a grain of salt; that is, while minor occurrences in diets could be
real, such levels may also reflect noise. However, if such prey are indeed very minor in monk
seal diets in any case, then they likely would not matter significantly to the monk seal population
in general. The more significant issue to be aware of, is which species may be exhibiting most
overlap with one another such that it results in the appearance of significant false positives and
underestimation of actual prey of importance - and to then determine how best to deal with those
prey in terms of interpreting modeling results for actual monk seal diet estimates. The pseudo
seal diet simulations provided important insight into this.
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However, perhaps the tests of modeling prey on other prey are more directly revealing (Figs. 37
and 38). These studies clearly demonstrated that the majority of prey groups were generally
strongly identified as themselves in the QFASA modeling. Nevertheless, there were some
especially problematic prey groups, which must be evaluated in modeled diets. And as discussed
before, minor occurrences of prey in modeled diets could represent real intake or noise, and thus
should be interpreted with caution.

The results of the QFASA modeling of actual monk seals reveal several important things.
Overall, monk seals appear to depend in large part on deep-slope species, which is consistent
with recent results coming from dive and location analyses, as well as direct visual evidence
from deployment of CRITTERCAM ™ (Parrish et al., 2000). However, there was substantial
variation in diet among individuals, demographic groups (especially between juveniles and
adults/subadults) and locations, as evidenced by the complementary results of both discriminant
analyses and QFASA diet estimates. Additionally, in repeat-sampled individuals, estimated diets
tended to be similar within individuals; the largest differences that were found within an
individual were particularly when a seal was sampled as a juvenile and then later as a subadult
(Fig. 45).

In terms of diet estimates, there remain some issues that require caution in interpretation. It is
interesting that snappers were consistently underestimated in most pseudo seal diet simulations,
but that deepwater snappers appeared abundantly and consistently in estimated diets. Although
there may be some overlap in the three deepwater snappers (e.g., Fig. 39), the prey on prey
models (Fig. 38) suggest they are well-differentiated. Thus, it may be that it should at least be
acknowledged that diet estimates may represent some overlap among these deepwater snappers.
The absence of some species in diets may be puzzling: although lobsters, eels and wrasses were
well-simulated and well-differentiated, other than moray eels, they did not appear in estimated
diets. It is possible that earlier diet estimates based on scats and spews (Goodman-Lowe et al.,
1999; Goodman-Lowe, 1998), which identified these as diet items, were entirely biased to
nearshore feeding and resistant hard parts (or that spews of eels represent “non-intake” of those
prey), rather than the main prey that dominate the diet from primarily deepwater feeding.
Conversely, it is possible that these prey could be mistaken for other prey that were identified.
Wrasses were correctly estimated at > 80% from the prey on prey models, and not mistaken for
any other single major prey group (Fig. 38). However, when wrasses were modeled on other
prey, without them being in the prey base at all (i.e., by nature of the model, they must go to
other prey), they were indeed identified as a mixture of other prey, but none of which appeared
in estimated monk seal diets in any case. Although prey such as box.crab and lobster were well-
simulated in pseudo seal diets and well-differentiated in prey on prey models, evidence does
suggest that overlap in crustaceans can occur, such that lobster could be mistaken for box.crab;
however, the overall abundance of lobster in the ecosystem remains low and intakes could
simply be masked by major diet items.

Thus, some questions remain in interpreting the findings of these analyses. We completed all
analyses possible with the resources available, but there remain questions that could be addressed
in the future. We are confident that we have sampled most of the important species to monk
seals, but this has not been an easy task — for some species, collection of even a few individuals
has required incredible effort. Nevertheless, some species were not able to be obtained at all. For
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instance, one of the most abundant slope species is a small fish in the Serranidae family,
Symphysanodon maunaloae, that comprises much of the diet of the deep slope snappers

(Randall, 2007) and could not be obtained. Thus, whether its signature overlaps with that of other
deepwater snappers is unknown. An investigation of how FA signatures of prey vary among
habitats, across food webs and trophic levels, and within multispecies foraging aggregations
would provide important insight into how we model seals and whether we should use prey within
only certain regions. Further work on QFASA simulations could provide insight into the
mathematical issues that arise when too many species are specified in the pseudo diet and how
this relates to the actual modeling of the predator. Diet estimates could be further elucidated
through additional series of analyses, such as sequential leave-one out modeling, or further
analyses of prey groups and grouping procedures. These are currently beyond the scope of the
current work, but could be considered.

Future Work

While this work has provided a very useful tool for monk seal diet studies, more work needs to
be done on enhancing and refining the diet model. The first priority is the refinement of the prey
database. The results of this study and fecal analysis can better inform us on species that can be
removed from the prey database to allow for the addition and regrouping of others. Additional
effort needs to be given to the collection and incorporation of deepwater slope species, including
a number of bottomfish, into the prey library. The PIFSC will develop a sample collection
strategy based on what prey are determined to be needed for the library. Collection of prey from
the Papahanaumokuakea Marine National Monument may be difficult because of permit issues
so other sites may need to be considered for collection. At this time it is difficult to know what
type of bias this could bring to the model because of the geographic variability of fatty acid
profiles. It would be useful to increase the sample size of seals sampled in the MHI. The QFASA
model would also likely benefit by conducting a longer term captive study on Hawaiian monk
seals. Ongoing QFASA work with other species will also provide very useful information
pertinent to monk seal diet analyses.
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Appendix A. Prey collection database for the Northwestern and Main Hawaiian Islands. Species and common names are listed, along
with general group (note, this “group” is not the same as the 40 species groupings used in the current analyses, Table 2), and samples

sizes by collection location.

Species Name Common Name Family Group CSM Main Niihau Nihoa Necker FFS GP MR Laysan Midway Smtl1l Unk |Total
Enchrasicholina purpurea Hawaiian anchovy Engraulidae anchovies 20 20
Centropyge potteri Potter's angelfish Pomacanthidae angelfishes 19 1 20
Antigonia capros boar fish Pentacerotidae armourheads & boarfishes 10 10
Antigonia eos boar fish_2 Pentacerotidae armourheads & boarfishes 10 10
Pseudopentaceros wheeleri armorhead Pentacerotidae armourheads & boarfishes 20 20
Polymixia berndti Berndt's beard fish Polymixiidae beardfish 15 5 20
Priacanthus alalaua Forskal's big-eye fish Priacanthidae bigeyes 7 1 1 20
Priacanthus boops Schneider's bigeye Priacanthidae bigeyes 1 1
Priacanthus meeki Hawaiian bigeye Priacanthidae bigeyes 20 20
Exalias brevis shortbodied blenny Blenniidae blennies 1 7 8
Brotula multibarbata large-eye brotula Ophidiidae brotulas & cusk eels 9 9
Ophidion muraenolepis black edged cusk eel Ophidiidae brotulas & cusk eels 11 6 3 20
Chaetodon fremblii bluestripe butterflyfish Chaetodontidae butterflyfishes 12 7 3 22
Chaetodon kleinii Klein's butterflyfish Chaetodontidae butterflyfishes 1 1
Chaetodon miliaris milletseed butterflyfish Chaetodontidae butterflyfishes 18 9 27
Chaetodon multicinctus multiband butterflyfish Chaetodontidae butterflyfishes 19 19
Chaetodon ornatissimus ornate butterflyfish Chaetodontidae butterflyfishes 20 20
Chaetodon quadrimaculatus  four spot butterflyfish Chaetodontidae butterflyfishes 20 20
Forcipiger flavissimus forcepfish Chaetodontidae butterflyfishes 26 26
Heniochus diphreutes pennantfish Chaetodontidae butterflyfishes 12 12 12 36
Apogon maculiferus spotted cardinalfish Apogonidae cardinalfishes 11 4 3 18
Apogon taeniopterus bandfin cardinalfish Apogonidae cardinalfishes 1 1
Conger cinereus moustache conger Congridae conger & garden eels 13 1 6 20
Ariosoma marginatum big-eye conger Congridae conger & garden eels 11 13 2 26
Meadia abyssalis Abyssal cut-throat eel Synaphobranchid cutthroat eels 19 19
Abudefduf abdominalis Hawaiian sergeant Pomacentridae  damselfishes 11 9 20
Abudefduf sordidus blackspot sargeant Pomacentridae damselfishes 6 15 21
Abudefduf vaigiensis Indo-Pacific sergeant Pomacentridae damselfishes 16 16
Chromis ovalis oval chromis Pomacentridae  damselfishes 17 4 21
Dascyllus albisella Hawaiian dascyllus Pomacentridae damselfishes 3 14 3 20
Plectroglyphidodon imparipenni: brighteye damselfish Pomacentridae damselfishes 1 1
Plectroglyphidodon johnstoniant blue-eye damselfish Pomacentridae damselfishes 16 1 1 18
Stegastes fasciolatus Pacific gregory Pomacentridae  damselfishes 15 6 21
Callionymus decoratus longtail dragonet Callionymidae  dragonets 1 19 20
Bembrops filifera duck-billed bembropsid  Percophidae duckbills 19
Cantherines verecundus shy filefish Monacanthidae filefishes & leatherjackets 3 5 8
Pervagor spilosoma fantail filefish Monacanthidae filefishes & leatherjackets 11 9 3 23
unidentified filefish Monacanthidae filefishes & leatherjackets 13 13
Kuhlia sandvicensis Hawaiian flagtail Kuhliidae flagtails 19 19
Cypselurus spilonotopterus Bleeker's flying fish Exocoetidae flyingfishes 3 3
Mulloidichthys flavolineatus yellowstripe goatfish Mullidae goatfishes 19 2 21
Mulloidichthys vanicolensis yellowfin goatfish Mullidae goatfishes 1 19 20
Parupeneus bifasciatus doublebar goatfish Mullidae goatfishes 3 16 19
Parupeneus chrysonemus yellowbarbel goatfish Mullidae goatfishes 19 19
Parupeneus cyclostomus blue goatfish Mullidae goatfishes 10 10
Parupeneus multifasciatus manybar goatfish Mullidae goatfishes 11 9 20
Parupeneus pleurostigma sidespot goatfish Mullidae goatfishes 12 2 1 3 1 19
Parupeneus porphyreus white saddle goatfish Mullidae goatfishes 3 3
unidentified goatfish Mullidae goatfishes 5 5
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Appendix A, cont’d.

Species Name Common Name Family Group CSM Main Necker FFS GP MR Laysan Midway Smtl1l Unk |Total
Epinephelus quernus Hawaiian grouper Serranidae groupers, anthiases, etc 12 5 3 20
Pseudanthias thompsoni Thompson's anthias Serranidae groupers, anthiases, etc 12 1 5 25
Cirrhitops fasciatus rebarred hawkfish Cirrhitidae hawkfishes 10 10 2 22
Dactyoptena orientalis helmut gurnard Dactylopteridae  helmut gurnards 4 20 24
Decapterus macarellus mackerel scad Carangidae jacks & trevallys 9 1 10
Selar crumenophthalmus bigeye scad Carangidae jacks & trevallys 10 10
Seriola dumerili amberjack Carangidae jacks & trevallys 8 8
Bothus mancus flowery flounder Bothidae lefteye flounders 15 1 16
Bothus pantherinus panther flounder Bothidae lefteye flounders 39 36 75
Bothus thompsoni Thompson's flounder Bothidae lefteye flounders 19 6 25
Saurida flamma orangemouth lizardfish Synodontidae lizardfishes 4 4
Saurida gracilis slender lizardfish Synodontidae lizardfishes 1 1
slender lizardfish? Synodontidae lizardfishes 1 1
Synodus binotatus twospot lizardfish Synodontidae lizardfishes 4 3 7
Synodus dermatogenys sand lizardfish Synodontidae lizardfishes 2 2
Synodus lobeli Lobel's lizardfish Synodontidae lizardfishes 20 20
Synodus variegatus reef lizardfish Synodontidae lizardfishes 2 14 3 19
Trachinocephalus myops shakefish Synodontidae lizardfishes 3 7 8 20
Zanclus cornutus moorish idol Zanclidae moorish idol 20 20
Gymnothorax albimarginatus whitemargin moray Muraenidae morays 11 9 20
Gymnothorax berndti Berndt's moray Muraenidae morays 8 2 9 1 20
Gymnothorax eurostus stout moray Muraenidae morays 7 1 4 2 14
Gymnothorax flavimarginatus yellowmargin moray Muraenidae morays 11 8 19
Gymnothorax melatremus dwarf moray Muraenidae morays 9 4 13
Gymnothorax meleagris whitemouth moray Muraenidae morays 10 7 1 18
Gymnothorax nudivomer yellowmouth moray Muraenidae morays 1 1
Gymnothorax steindachneri Steindachner's moray Muraenidae morays 12 6 7 25
Gymnothorax undulatus undulated moray Muraenidae morays 5 5 9 19
unidentified moray Muraenidae morays 1 1
Chlorurus perspicillatus spectacled parrotfish Scaridae parrotfishes 22 22
Chlorurus sordidus bullethead parrotfish Scaridae parrotfishes 19 19
Scarus dubius regal parrotfish Scaridae parrotfishes 15 4 19
Scarus psittacus palenose parrotfish Scaridae parrotfishes 11 11
Diodon hystrix porcupinefish Diodontidae porcupinefishes 5 7
Canthigaster coronata crown toby Tetraodontidae  puffers 2 13 3 20
Canthigaster jactator Hawaiian whitespotted toby Tetraodontidae  puffers 10 7 7 24
Canthigaster rivulata maze toby Tetraodontidae  puffers 8 6 16
Lagocephalus hypselogenion Bleeker's balloon fish Tetraodontidae  puffers 6 6
Torquigner florealis floral puffer Tetraodontidae  puffers 6 1 10 3 20
Carcharrhinus amblyrhyncos gray reef shark Carcharhinidae  requiem sharks 4 4
Kyphosus bigibbus gray chub Kyphosidae rudderfishes & sea chubs 19 19
Kyphosus vaigiensis lowfin chub Kyphosidae rudderfishes & sea chubs 19 19
Parapercis schauinslandii redspotted sandperch Pinguipedidae sandperches 1 17 18
Dendrochirus barberi Barber's scorpionfish Scorpaenidae scorpionfishes 10 1 8 19
Iracundus signifer decoy scorpionfish Scorpaenidae scorpionfishes 1 12 13
Sebastapistes ballieui spotfin scorpionfish Scorpaenidae scorpionfishes 4 15 19
Samariscus corallinus coralline-red flounder Samaridae slender flounders 14 14
Callechelys lutea Freckled snake eel Opbhichthidae snake eels & worm eels 5
Myrichthys magnificus magnificent snake eel Ophichthidae snake eels & worm eels 9 1 2 12



Appendix A, cont’d.

Species Name Common Name Family Group CSM Main Niihau Nihoa Necker FFS GP MR Laysan Midway Smt1l Unk |Total

Ophichthus kunaloa snake eel Ophichthidae snake eels & worm eels 20 20
Aphareus furca smalltooth jobfish Lutjanidae snappers 5 1 2 8
Aprion virescens green jobfish Lutjanidae snappers 9 1 10 20
Etelis carbunculus squirrelfish snapper Lutjanidae snappers 10 9 2 21
Etelis coruscans longtail red snapper Lutjanidae snappers 10 6 16
Lutjanus kasmira bluestripe snapper Lutjanidae snappers 15 7 22
Pristipomoides filamentosus pink snapper Lutjanidae snappers 16 8 24
Pristipomoides sieboldi Siebold's snapper Lutjanidae snappers 3 12 15
Pristipomoides zonatus flower snapper Lutjanidae snappers 6 13 19
Myripristis amaena brick soldierfish Holocentridae soldierfish& squirrelfish 3 3
Myripristis berndti bigscale soldierfish Holocentridae soldierfish& squirrelfish 2 16 2 20
Myripristis chryseres yellowfin soldierfish Holocentridae soldierfish& squirrelfish 2 2
Neoniphon sammara spotfin squirrelfish Holocentridae soldierfish& squirrelfish 13 6 19
Sargocentron diadema crown squirrelfish Holocentridae soldierfish& squirrelfish 1 1
Sargocentron xantherythrum Hawaiian squirrellfish Holocentridae soldierfish& squirrelfish 10 1 6 4 21
Acanthurus achilles achilles tang Acanthuridae surgeonfish & unicornfish 20 20
Acanthurus dussumieri eyestripe surgeonfish Acanthuridae surgeonfish & unicornfish 16 16
Acanthurus leucopareius whitebar surgeonfish Acanthuridae surgeonfish & unicornfish 9 13 22
Acanthurus nigroris bluelined surgeonfish Acanthuridae surgeonfish & unicornfish 14 6 20
Acanthurus olivaceus orangeband surgeonfish  Acanthuridae surgeonfish & unicornfish 10 10 20
Acanthurus triostegus convict tang Acanthuridae surgeonfish & unicornfish 15 5 20
Ctenochaetus strigosus goldring surgeonfish Acanthuridae surgeonfish & unicornfish 16 16
Naso hexacanthus sleek unicornfish Acanthuridae surgeonfish & unicornfish 10 10
Naso lituratus orangespine unicornfish  Acanthuridae surgeonfish & unicornfish 19 19
Naso unicornis bluespine unicornfish Acanthuridae surgeonfish & unicornfish 1 18 19
Zebrasoma flavescens yellow tang Acanthuridae surgeonfish & unicornfish 20 20
Malacanthus brevirostris flagtail tilefish Malacanthidae tilefishes 3 11 2 16
Melichthys niger black triggerfish Balistidae triggerfishes 20 20
Melichthys vidua pinktail durgon Balistidae triggerfishes 8 8
Sufflamen bursa lei triggerfish Balistidae triggerfishes 19 19
Xanthichthys mento crosshatch triggerfish Balistidae triggerfishes 1 1
Aulostomus chinensis trumpetfish Aulostomidae trumpetfishes 12 6 6 24
Lactoria fornasini thornback cowfish Ostraciidae trunkfishes 7 7
Ostracion meleagris spotted boxfish Ostraciidae trunkfishes 13 7 20
Thunnus albacares yellowfin tuna Scombridae tunas & mackerels 3 3
Anampses cuvier pearl wrasse Labridae wrasses 16 4 20
Bodianus bilunulatus Hawaiian hogfish Labridae wrasses 6 14 20
Cirrilabrus jordani flame wrasse Labridae wrasses 11 11
Coris ballieui lined coris Labridae wrasses 9 1 6 16
Coris flavovittata yellowstriped coris Labridae wrasses 20 20
Coris venusta elegant coris Labridae wrasses 17 3 20
Cymolutes lecluse Hawaiian knifefish Labridae wrasses 2 10 11 23
Gomphosus varius bird wrasse Labridae wrasses 7 7
Inistius pavo peacock razorfish Labridae wrasses 4 4 2 5 15
Inistius umbrilatus blackside razorfish Labridae wrasses 9 9 1 19
Macropharyngodon geoffroy shortnose wrasse Labridae wrasses 20 20
Oxycheilinus unifasciatus ringtail wrasse Labridae wrasses 19 19
Psuedocheilinus octotaeni eightstripe wrasse Labridae wrasses 20 20
Stethojulis balteata belted wrasse Labridae wrasses 18 18
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Appendix A, cont’d.

Species Name Common Name Family Group CSM Main Niihau Nihoa Necker FFS GP MR Laysan Midway Smt1l Unk |Total
Thalassoma ballieui blacktail wrasse Labridae wrasses 3 14 2 1 20
Thalassoma duperry saddle wrasse Labridae wrasses 18 2 20
Thalassoma purpureum surge wrasse Labridae wrasses 2 2
Octopus cyanea Hawaiian day octopus  Octopodidae octopus 3 7 3 13
Octopus ornatus ornate octopus Octopodidae octopus 2 2 4
Octopus sp. unidentified octopus Octopodidae octopus 1 1 15 5 1 23
Stenoteuthis oualaniensis neon flying squid Ommastrephidae squid 2 1 12 15
Heterocarpus ensifer two-spined shrimp Pandalidae shrimp 11 20 31
Heterocarpus laevigatus red-tipped shrimp Pandalidae shrimp 19 20 39
Calappa bicornis two-horned box crab Calappidae box crab 10 13 23
Calappa calappa smooth box crab Calappidae box crab 16 8 12 36
Calappa gallus lumpy box crab Calappidae box crab 11 11
Ranina ranina Kona crab Raninidae frog crab 1 10 10 21
Dardanus brachyops short-eyed hermit crab  Diogenidae hermit crab 7 5 10 7 29
Dardanus gemmatus gemmate hermit crab Diogenidae hermit crab 17 7 8 32
Dardanus megistos white-spotted hermit crat Diogenidae hermit crab 1 8 11 20
Dardanus sp. unidentified hermit crab Diogenidae hermit crab 1 1
purple leg hermit crab ~ Unknown hermit crab 1 1
Homola ikedae Ikedae homolid crab Homolidae homolid crab 2 2
Paramola alcocki Alcock's homolid crab ~ Homolidae homolid crab 2 2
Paramola japonica Japanese homolid crab Homolidae homolid crab 3 7 14 24
Cryptodormis tidens cryptic sponge crab Dromiidae sponge crab 2 2
Dromidiopsis dormia sleepy sponge crab Dromiidae sponge crab 8 7 3 18
Charybdis hawaiiensis Hawaiian swimming crab Portunidae true crab 9 5 10 5 29
Charybdis paucidentatus red swimming crab Portunidae true crab 2 11 13
Cyrtomaia smithi Smith's crab Portunidae true crab 6 6
Lupocyclus quinquedentatus five-tooth swimming crab Portunidae true crab 2 7 6 15
Parthenope contrarius elbow crab Parthenopidae true crab 8 10 2 1 21
Portunus sanguinolentus white crab Portunidae true crab 10 10
Randallia distincta true crab 4 4
Carpilius convexus convex pebble crab Xanthidae xanthid crab 8 9 4 21
Carpilius maculatus 7-11 crab Xanthidae xanthid crab 3 9 12
Carpilius sp. unidentified crab Xanthidae xanthid crab 2 2
Parabacus antarticus chinese slipper lobster  Scyllaridae slipper lobster 10 10 10 30
Scyllarides haanii ridgeback slipper lobster Scyllaridae slipper lobster 10 6 10 4 30
Scyllarides squammosus common slipper lobster Scyllaridae slipper lobster 31 12 10 8 11 72
Panulirus marginatus spiny lobster Palinuridae spiny lobster 5 23 6 10 16 60
Panulirus marginatus spiny lobster - tails only Palinuridae spiny lobster 11 11
Panulirus pencillatus green spiny lobster Palinuridae spiny lobster 1 8 9
20 129 32 27 651 1381 406 309 117 39 12 3130



Appendix B.. Fat content {% fat) of the 178 fish and inveriebrate prey species collected (n=3084) in the Hawaiian Islands,
including percent ipid data for 46 unidentified specimens {(n = 3130).

“Species Name Commeon Name n % Fat
Abudeldid abdominais Hawallan sergeant 20 2030664
Abudefduf sordidiss blacispot sargeant 21 244 +1.13
Abudefdul Indo-Pacific sergeant 16 342233
Acentinrus achiles achilles tang 20 441288
Acanthurus dussurrien oyasiripe surgoeonfish 16 2192077
Avanihurus leucopareius whitebar surgeoniish 22 361191
Acanthurus nigroris bluslined sugeoniish 20 4221122
Acanthurus ofivaceus orangeband surgeonfish 20 2981216
Acaniiurus iostogus convict tang 20 235+ 1.70
Anampsas cuvier paarl wrasse 20 320147
Anfigonis capros boar fish 10 1.37 037
Antigonia eos beoarfish_2 10 237 £0.81
Aphareus furca smalkooth jobfish B 1.87 £ 1.65
Apogon macuiiferus epottad cardinalfish 18 2192077
Apogon leeniopiorus bandfin cardinalfish 1 0.84
Aprion viroscons green jobfish 20 120 0.4
Arnosoma manginaium big-eve conger 2% 1.651 047
Aufosiomus ci¥nensis trumpetfish 24 241 £ 1.21
Bembraps (Bifers duck-bilad barnbrapaid 19 1.83+ 140
Bodianus bifumdelus Hawnilan hogfish 20 1.48 £ (.55
Bothus mancus flowery flounder 16 1.07 £ 0.28
Bothus panthenms panther flounder 75 2Mx0.78
Bothus thompsoni Thompson's floundar 25 2021095
Brolule mulibarbala large-eye brotula 8 1.54 £ 0.50
Calappa bicormis two-homed box crab 23 053035
Calappa calapps smooth box crab 38 0.81x048
Calappa gallus lumpy box crab 11 064028
Caflecheolys kulea Frecided snake sel L 208018
Callionymus decoratus longtail dragonet 20 1.19x0.16
Canthorines verecurius ehy fllefish 8 3.86  1.82
Canihigasior coronsla crowm toby 20 1.48 £ 0.85
Carthigastor jacialor Hewalian whitespotiod toby 24 1.58 £ (.88
Canthigaster rivulata maze toby 16 097073
Carcharhinus amblyriyncos gray reef shark 4 1041 £2.38
Capilius convextis comvax pabble crab 21 085048
Carpilis maculslus 7-11 aab 12 0.68 £ 0.37
Caniropyge potior Potier's angelfish 20 430+ 1.14
Cheaelodon frembiil bluestripe butterflyfish 22 435228
Chaelodon Risinf Klein's butterflyfish 1 387
Chaelodon milaris milleteeed butterfiyfish 27 308187
Chaslodon mufticinclus multibard butberflyfish 18 341170
Chaslodon omatissimes omats buttedlyfish 20 338205
Cheelodon guadiimaculaliss four spot butterftyfish 20 467 £2.72
Charybdis hawallensis Hawalian swimming crab 29 075+ 040
Charybdis paucidentatus red swimming crab 13 0.88 £0.35
Chioruris perspicilisius spaciaclad parotfish 22 1.75+1.22
Chdorures sordidus bullethead parrotfish 18 210078
Chromis ovalis oval chromis 21 458+ 208
Chrhitops fascislus rebarmed hawidish 22 182077
Chriabrus jordani flama wrasse 11 2691039
Canger cinorous mousiache conger 20 204 £1.05
Caris baffow linad coris 16 1.84 £ (.08
Caris flavovilisla yollowslriped coris 20 1.10 £ 0.38
Coris verusta elegant coris 20 222080
Cryplodormis lidens cryplic sponge crab 2 1.41£027
Cienochastus sirigosus goldring surgeoniish 16 66841
Cymoludos lociuso Hewalian knifefish 23 214085
Cypsolures spdonoloplorus Bloaker's flying fish 3 274 2047
Cyriomala smithi Smith's crab 8 0.51:£0.14
Daciyopiena orierialis helmut gumnard 24 1.80 x0T
Dardenus brachyops short-eyed henmit crab 29 1.50+0.64
Dardanus gemmaius gemmate hermit crab 32 1.63x0.68
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Appendix B, cont’d..

“Bpecies Name Common Name n 5% Fat
Dardanus megisios white-spotted heymnit crab 20 1251 0.50
Dascylius aibisefia Hawsiian dascyllus 20 328+2.55
Decapitorus macarefius mackerel scad 10 3402126
Dendrochirus barberi Barber's scorpionfish 19 1.52+0.61
Diodorn hystrix porcupinafish 7 244 £1.31
Dromidiopsés darmia sleopy sponge crab 18 156 £0.77
Enctwasicholina purpirea Hawailan anchovy 20 0911022
Epinephelus quemus Hemwrgiiian grouper 20 266 +1.50
Etelis carbuncidus squirnelfish snapper 21 208074
Etelis coruscans longtail red snapper 16 215+113
Exalas brovis shortbodied blemny B 142x0.35
Forcipiger favissimus forcepfish 26 3622206
Gomphosus varius bird wrasse 7 295+189
Gymnothorax afivmerginelus whitemargin moray 20 0.84 £0.41
Gymnothorax bemdti Berndt's moray 20 1412074
Gymnothorax eurostus stout moray 14 142 +0.81
Gymnothorax flavi 2 yallowmargin moray 1@ 167£1.03
Gymnothorax melalromus dwarf moray 13 14020.84
Gymnothorax mefeagris whitemouth moray 18 1.50 1+ 0.80
Gymnothorax nudivomer yellowmouth moray 1 0.74
Gymnothorax steindachnonr Steindachner’s moray 25 0.85x0.37
Gymnothorax untdulatus undulated moray 19 1831147
Heninchus dinhreuios pernantfich ki ] 194 +188
Helorocarpus ensifer two-spined shrimp kY| 257094
Helerocarpus laesvigatus red-tipped shrimp a9 18310.74
Homola kedae Ikedae homolid crab 2 124 £0.31
Inistis pavo peacock razorfish 15 161088
Inistius umbrilatus blackside razorfish 19 2591083
Fraeimdus sigmifer decoy scorpionfish 13 221 0.7
Keshiia sandvicensis Hawsaiian flagtai 18 6.96 £3.95
Kyphosus bighbis gray chub 19 1881+1.15
Kyphosus vaikponsis lowefin chub 18 143 20.11
Lacioria fornasini thormback cowfish 7 ags 182

hypseiogenion Bleeker's balloon fish i 1221048
Lupocydius quinquedentalus five-tooth swimming crab 15 167 £1.28
Luljanus kasmina bluestripe snapper 22 268+104
Macropharyngodon geoffroy shortnose wrasse 20 307 £1147
Malacanthus brevirostris flagtail tilefish 16 155+0.51
Memdia abyssafis Abyssal cut-throat eel 18 264 097
Mefichihys niger black triggerfish 20 1611143
Melichihys vidua pinktaid dugon B 138x0.76
Mulloidichthys Revolinealus yelowsiripe goatfish 21 1.8811.10
Mulioidichthys vanlcolensis yellowfin goatfish 20 231 £1.21
Myrichthys megnificus magnificent snake eal 12 191148
Myripristis amaena brick soldierfish 3 3881:0.7
Myripristis hamdt binscala soldiarish 20 3391714
Myripristis clryseras yeallowfin soldierfish 2 1812040
Naso hexacanthus sleak unicornfish 10 3772127
Naso uratus orangespine unicomiish 19 TA4£6.11
Naso unicomis bluaspine unicornfish 18 428 +3.31
Neaniphon sammeara spotfin squirelfish 19 2361241
Oclopus cyanea Hawailan day octopus 13 1121043
Oclopus omslus omats octopus 4 0.88 £0.30
Ophichthus lamaloa snake eel 20 237 £0.80
Ophidion mureenclepis black edged cusk eel 20 1.74:0.71
Osiracion meleagris spotted boxfish 20 348 +£1.98
Oxychedinus unifasciaius ringiail wrasse 19 1212057
Panufirus marginatus spiny lobsler Fa 1172048
Panufires penciiaius green spiny lobster 8 1.14 £0.51
Parabacus anlarclicus chiness slipper lobster 30 0.83+0.30
FParamola aicocld Alcock's homolid crab 2 0.58:0.20
Paramola jeponica Japanesa homolid crab 24 1.56 £0.80
Parapercis scheunsiendi redspolied sandperch 18 184%0.79
Parthenope corirarius abow crab 21 080040
Parupeneus clyysonemus doublebar goatfish 19 340118
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Appendix B, cont’d..

Species Name Common Name n % Fat
Parupeneus cyclosiomus yellowbarbel goatfish 10 1722117
Parupeneus insularis blue goatfish 19 140123
Parupenous mullifascialus manybar goatfish 20 1512118
Parupeneus pleurostigaa sidespot goatfish 19 2691177
Parupeneus porphyreus white saddle goatfish 3 1551134
Pervagor spilosoms fantail flsfish 23 3.38 2 1.57
Pleclroglyphidodon impearipersis brightoye damsaeifish 1 2.52
Plectroglyphidodon johnstonianus blue-eya darmeatfish 18 544 2,03
Polymbda bemndii Bemdt's bsard fish 20 2.0010.80
Poriunus sanguinolentus whits crab 1 1172035
Priacanthus slalous Forskal's big-aye fish 26 284191
Priacanthus boops Schneider's bigeye 1 o.68
Priacanthus meekf Hawalian bigeye 20 167121
Pristipomoides Mamentosus pink snapper 24 2011210
Pristipamoidos sieboldi Siebold’'s snapper 15 2571133
Prislipomoidos zonalus flownr enappear 19 22810908
Psewdenthias thompsoni Thompson'’s anthias 5 3.0211.08
Pseudopentaceros whoelsri amorhead 20 27131462
Psuadocheiinus oclotaori eightsiripa wrassse 2D 338245
Randalis distincin 4 0.81 2022
Ranina raning Kona crab 'l 0.93 2037
Samariscus coradinus cordline-red flounder 14 1372036
Sargoceniron diadema crown squirmelfish 1 0.75
Sargoceniron xantherythrum Hawalian squiralifish 4l 406 324
Saurida flamma orangemouth |izandfich 4 1.1820.52
Sawrida graclis slender lizandfish 1 .68
Sawrida graclis? slender lizandfish 1 c.88
Scarus dubius regal parotfish 18 444 £2.16
Scarus psilacus palenoss parrotiish " 1.50 : 0.82
Scyllarifes haani ridgeback slipper lobster 30 0.98 £ 0.58
Scyllarides SQUATYNIOSUS cornmon slipper lobster T2 0911042
Sebastapistes baleul epotfin scorpionfish 10 1.10 2042
Selar crumenophthaimus bigewe scad 10 1.58 2043
Sariola dumerili amberjack 8 2251104
Stegasiss fasticlatus Pacific gregory 2 3721228
Stethajuifs balleatn belted wrasse 18 3.092124
Sthenoleuthis ouslaniensis neaon flying squid 15 1.87 £0.36
Sufffamen burss loi triggerfich 18 3531223
Synodus binolailus twospot Ezardfish 7 1412077
Synodus dermalogenys sand lizandfish 2 1.03 £ 001
Synodus lobeli Lobel's kzardfish 26 1.28 048
Synodus variegalus reef lizardiish 18 0.95 £ 0.85
Thalessoma bafleu! blacktail wrasse 20 148 20.75
Thalessoma duperry saddle wrasse 20 1562057
Thalassoma purpuTeLsm BUIGS Wasas 2 1.77 £ 048
Thunnus sibecares yollowfin tuna 3 0.800.18
Torguigner florealis floral puffer 20 2231145
Trachinocephaius myops snakefish 20 0931027
Xanthiclihys menic crogshatch triggerfish 1 387
Zancius comidus moovish kdol 20 4121268
Zebrasoma favescans yollow tang 20 6.35 £ 3.02
3064

“Bpecies Name Commeon Name n % Fat
Unidentified specimens
Unidaniified filafish 13 1.58 z D40
Unidentified goatfish 5 2.0 2131
Unidentified moray 1 1.13
Unideniified octopus 23 1.58 £ 0.84
Unideniified hermit crab 2 1632022
Unidenfified crab {Carpilius sp) 2 0.98 £ 0.31

48

Grand Total 3130
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Appendix C. FA sets used for QFASA simulations and modeling.

Fatty Acids

Dietary

Extended
Dietary

Modified 1
Extended
Dietary

Modified 2
Extended
Dietary

Monk Seal
“MS”

Monk Seal
minus
“MS minus”

simulations

simulations

simulations

simulations

diet est.

diet est.

12:0
13:0
Isol4
14:0
14:1n-9
14:1n-7
14:1n-5
Isol5
Antil5
15:0
15:1n-8
15:1n-6
Isol6
16:0
16:1n-11
16:1n-9
16:1n-7
TMel6:0
16:1n-5
16:2n-6
Isol7
16:2n-4
16:3n-6
17:0
16:3n-4
17:1
16:3n-1
16:4n-1
18:0
18:1n-13
18:1n-11
18:1n-9
18:1n-7
18:1n-5
18:2d511
18:2n-7
18:2n-6
18:2n-4
18:3n-6
18:3n-4

2. 22 =2

2 2 2 2

2 2 2 2 2

2 2

2 2

2 2 2 2

2 2

2 2

2 2 2

A 222

2 2 2 2

2 2

2 2 2 2

2 2

2 2 2

2 2 2 2

2 2

2 2 2



18:3n-3 \ \ \ \ \ \
18:3n-1 v v v \ \

18:4n-3 v v v \ \ v
18:4n-1 v v

20:0

20:1n-11 \ \ \ \ \ \
20:1n-9 v v v \ \ v
20:1n-7 v v v \ \ v
20:2n-6 v v v \ \ v
20:3n-6 v v \ \

20:4n-6 \ \ \ \ \ \
20:3n-3 v v v \ \ v
20:4n-3 v v v \ \ v
20:5n-3 v v v \ \ v
22:1n-11 v \ v \ \ v
22:1n-9 v v v \ \ v
22:1n-7 v v \ \ v
22:2n-6 v v

21:5n-3 v v v \ \ v
22:4n-6 v v v \ \* \*
22:5n-6 v v v \ \ v
22:4n-3 v v v v

22:5n-3 v v \ \ v
22:6n-3 v v v \ \ v
24:1n-9

Total 31 39 33 34 35 29
Number of

Fatty

Acids

The first two FA subsets were taken primarily from Iverson et al. (2004). Dietary: includes only those 33
FAs that could arise from dietary origin and are reliably identified; extended-dietary (39 FAs) includes all
“dietary” FAs as well as additional FAs that could be biosynthesized by predators, but whose levels in a
predator are also highly influenced by consumption of specific prey. A third set of FAs (‘modified 1
extended dietary’) for simulations was created largely following work on captive Steller sea lions and harbor
seals (S. Iverson and D. Tollit, unpublished data), which had measured equally reliable and comparable
calibration coefficient (CC) estimates to those of monk seals. The fourth set of FAs (‘modified 2 extended
dietary’), was constructed from the extended dietary list, where FAs with an average mean of less than
0.10% mass percent in NWHI prey, and FAs that were routinely zeros in many NWHI species, were
removed from the list. The first 4 sets were used in prey simulations. Based on these results, monk seals
were modeled on these in addition to two additional sets, the first of which was almost identical to that of
both modified 1 and modified 2 sets, but replaced two FAs that were either more or less reliably measured in
the NWHI ecosystem and monk seals, while the last set removed any FA that was measured at close to zero
in captive or wild monk seals, regardless of whether it had a CC with little variability. *22:4n-6 is very rare
in northern/temperate ecosystems and is measured at almost zero in the North Atlantic ecosystem — and was
therefore extremely low in both Atlantic herring and the captive monk seals consuming it (Fig. 3). However,
in the NWHI ecosystem, this FA is more abundant and an important dietary component. Therefore, NWHI
monk seals were modeled using both the CC (~6.0) determined for this FA from the captive monk seal
feeding study, as well as with a more conservative value (closer to 1) of 2.0.

C-2



Availability of NOAA Technical Memorandum NMFS

Copies of this and other documents in the NOAA Technical Memorandum NMFS series issued
by the Pacific Islands Fisheries Science Center are available online at the PIFSC Web site
http://www.pifsc.noaa.gov in PDF format. In addition, this series and a wide range of other
NOAA documents are available in various formats from the National Technical Information
Service, 5285 Port Royal Road, Springfield, VA 22161, U.S.A. [Tel: (703)-605-6000]; URL.:
http://www.ntis.gov. A fee may be charged.

Recent issues of NOAA Technical Memorandum NMFS—PIFSC are listed below:

NOAA-TM-NMFS-PIFSC-17 North Pacific blue shark stock assessment.
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